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PREFACE 


The  goal  in  preparing  this  handbook  for  EMP  Electronic  Analysis  was 
to  provide  the  circuit  designer  with  techniques  and  models  for  use  in 
aaseaaing  the  degree  of  hardness  of  the  circuits  he  is  designing.  New 
concepts  and  interpretation  o^  existing  techniques  are  presented  and 
will  serve  as  a  basis  for  defining  the  future  effort  required  to  provide 
a  complete  subsystem  analysis  capability* 

Section  I  gives  a  brief  overview  of  the  various  facets  of  a  Suscepti¬ 
bility  Threshold  Analysis*  Section  II  discusses  upset  threshold  analysis 
including  response  considerations,  selection  of  analysis  method,  data,  and 
examples*  Secticu  III  analyzes  the  problem  of  circuit  damage  thresholds 
encompassing  the  same  areas  as  Cection  II.  Section  IV  describes  and  illus¬ 
trates  methods  for  determining  caole  source  characteristics.  The  handbook 
also  includes  several  appendices  which  present  some  analysis  details,  a 
semiconductor  damage  data  base  and  a  discussion  of  the  Driving  Point  Im¬ 
pedance  (DPI)  analysis  method* 

The  handbook  was  prepared  by  Aeronautical  Systems  EMP  program  person¬ 
nel  of  the  Aerospace  Group,  The  Boeing  Company,  P.O.  Box  3999,  Seattle, 
Washington  98124,  and  their  subcontractor  Braddock,  Dunn  and  McDonald,  Inc*, 
First  National  Bank  Building  East,  Albuquerque,  New  Mexico  87108. 

The  Program  Manager  is  J*  J*  Dlcomes  and  the  Technical  Director  is 
W.  L.  Gurtis*  The  principal  investigator  for  this  work  order  is 
B.  P.  Gage.  BDM  efforts  on  this  program  are  directed  by  J.  J.  Schwarz. 
Contributors  to  this  volume  are  D.  Durgin,  B.  Cage,  C.  Jenkina,  R.  Kelly, 

W.  Pesch,  G.  Rimbert,  J.  Schwarz,  and  M*  L.  Vincent.  The  technical 
edltora  are  B.  Gage  and  D.  Durgin* 


ii 


TABLE  OF  CONTENTS 


Section  Page 

I  INTRODUCTION  I-l 

1.  BACKGROUND  I-l 

2.  SCOPE  1-3 

3.  SUSCEPTIBILITY  ANALYSIS  OVERVIEW  1-3 

a.  General  1-3 

b.  Damage  Considerations  1-4 

c.  Upset  Considerations  1-7 

d.  Damage  and  Upset  Commonalities  I-ll 

4.  REFERENCES  1-12 

II  UPSET  THRESHOLD  ANALYS'.S  II-l 

1.  GENERAL  I I-l 

2.  RESPONSE  CONSIDERATIONS  II-2 

3.  ANALYSIS  METHOD  SELECTION  II-8 

4.  DATA  REQUIRED  FOR  UPSET  ANALYSIS  11-13 

5.  UPSET  ANALYSIS  EXAMPLES  11-14 

a.  Hand  Analysis  11-14 

b.  Computer  Aided  Analysis  11-45 

6.  REFERENCES  11-49 

III  DAMAGE  THRESHOLD  ANALYSIS  III-l 

1.  GENERAL  III-l 

2 .  RESPONSE  CONSIDERATIONS  III-8 

3.  ANALYSTS  METHOD  SELECTION  IIi-12 

4.  DATA  REQUIRED  FOR  DAMAGE  ANALYSIS  III-14 

5.  DAMAGE  ANALYSIS  EXAMPLES  III-29 

a.  Hand  Analysis  III-29 

b.  Computer-Aided  Analysis  III-55 

6.  REFERENCES  III-62 

IV  EHP  SOURCE  CONFIGURATION  ANALYSIS  IV-1 

1 .  GENERAL  lV-1 

2.  SOURCE  CONFIGURATION  ANALYSIS  IV-3 

a.  Analysis  of  Electrically  Short, 

Small  Cables  lV-6 

b.  Two  Wire  Analysis  of  Electrically 

Short,  Large  Cables  lV-11 

c.  Single  Line  Analysis  of  a  Long, 

Large,  Complex  Cable  IV -17 

d.  Computer  Analysis  of  Long,  Large 

Cables  IV-26 

3.  REFERENCES  lV-31 

ill 


TABLE  OF  CONTENTS  (Concluded) 


Section 

Page 

APPENDIX  A 

SEMICONDUCTOR  DEVICE  MODELS  FOR  HAND 

AND  COMPUTER  ANALYSIS 

A-1 

APPENDIX  B 

DAMPED  SINE  WAVE  TO  RECTANGULAR  PULSE 

CONVERSION  FOR  EQUIVALENT  PERMANENT  DAMAGE 

B-1 

APPENDIX  C 

ELECTRONIC  CIRCUTT  ANALYSIS  AND  DESIGN  BY 
DRIVING-POINT  IMPEDANCE  TECHNIQUES 

C-1 

APPENDIX  D 

TABLES  OF  TRANSISTOR  AND  DIODE  EMP  PARAMETERS 

D-1 

APPENDIX  E 

GENERALIZED  EQUIVALENT  CIRCUITS 

E-1 

iv 


4>s 


LIST  OF  ILLUSTRATIONS 


FlRure 

Page 

I-l 

Screening  Procedure  Summary 

1-5 

1-2 

EMP  Interference  Teat  Specifications 
for  B-1  Mission  Critical  Avk>nics 

1-6 

1-3 

Examples  of  Anomalous  Circuit  Response 

I-IO 

II-l 

Digital  Circuit  Upset  Threshold  Trends 

II-4 

II-2 

Comparison  of  Predicted  and  Measured  Upset 

Levels  for  Short  Pulse  Durations 

II-7 

II-3 

Transient  Upset  Analysis  Technique 

Selection  Matrix 

11-12 

1 1-4 

Integrated  Circuit  Flip-Flop 

11-16 

II-5 

Integrated  Circuit  Flip-Flop  Characteristics 

11-18 

II-6 

Schematic  Diagram  of  Discrete  Component 

Flip-Flop  Circuit 

11-25 

II-7 

Equivalent  Circuit  of  Flip-Flop  During 

Switching 

11-30 

1 1-8 

Approximate  Equivalent  Circuit  for  Positive 

Input  on  F-01  Terminal 

11-37 

1 1-9 

Main  Current  Path  for  Case  4(a) 

11-39 

11-10 

Discrete  Component  Flip-Flop  Shoving  Node 
Numbering  for  Computer  Coding 

11-46 

II-ll 

Computer  Prediction  of  the  Input  Voltage 
for  Upset  versus  Time 

11-50 

Ill-l 

Hypothetical  Damage  Threshold  Assessment 

Example 

iIl-2 

1II-2 

Two  Port  Excitation  Example 

III-7 

II1-3 

EMP  Excitation  Variables 

III-9 

III-4 

Damage  Threshold  Analysis  Technique 

Selection  Matrix 

111-13 

III-5 

Summary  of  Methods  Available  for  Computing 

Damage  Constants 

111-18 

1II-6 

Nomograph  to  Determine  Damage  Constant 
for  Germanium  Devices 

111-20 

111-7 

Nomograph  to  Determine  the  Damage  Constant 
for  Diodes  and  Nonplanar  Silicon  Transistors 

111-21 

V 


LIST  OF  ILLUSTRATIONS  (Continued) 


Figure 

Page 

III-8 

Nomograph  to  Determine  the  Damage  Constant 
for  Silicon  Planar  and  Mesa  Transistors 

III-22 

III-9 

Plot  of  Bulk  Resistance  for  Reverse  Biased 

Case  Versus  Device  Breakdown  Voltage 

III-25 

III-IO 

Plot  ot  Bulk  Resistance  for  the  Reverse 

Biased  Case  Versus  Device  Current 

III-26 

III-ll 

Damage  Constant  Comparison  of  Various 

Component  Types 

III-28 

III-12 

Generic  Circuit  as  an  Exai^ple  of  Damage 

Analysis 

III-30 

III-13 

Circuit  and  Junction  Damage  Level  Power  as 
Function  of  Pulse  Width 

III-32 

III-14 

Simple  Remote  Controlled  Relay 

III-34 

III-15 

Phase  Splitter  Circuit 

III-37 

III-16 

Simplified  Phase  Splitter  Circuit 

III-38 

TII-17 

Further  Simplification  of  Phase  Splitter 

Circuit 

III-38 

IIt-18 

Phase  Splitt^^r  Circuit  Shoving  Current  Loops 

III-40 

III-19 

Push-Pull  Amplifier  Circuit 

III-42 

III-20 

Simplified  Push-Pull  Amplifier  Circuit 

III-44 

III-21 

Push-Pull  Amplifier  Circuit  With  Additional 
Simplifications 

111-45 

111-22 

Circuit  to  Illustrate  Source  Impedance 

Effects 

III-48 

111-23 

Simplification  of  Amplifier  Circuit 

III-51 

111-24 

Phase  Splitter  Circuit  with  Nodes  Marked  as 

Used  for  SCEPTRE  and  NET-2 

III-57 

III-25 

Phase  Splitter  Circuit  with  Nodes  Marked 
as  Used  for  CIRCUS  2 

III-58 

IIT-26 

Emitter-Base  Power  Versus  Input  Voltage 

III-59 

III-27 

Collector-Base  Power  Versus  Input  Voltage 

III-60 

Vi 


LIST  OF  ILLUSTRATIONS  (Concluded) 

EMP  Interference  Test  Specifications  for 
B"!  Mission  Critical  Avionics 

Interface  Circuit  and  Cable 

The  Circuit  Problem 

Subsystem  Interface  Voltage 

Interface  Circuits  snd  Cables 

Circuit  and  Cable  Equivalent  Circuit 

Circuit  Model 

Interface  Voltage  at  Subsystem 
Measured  Common  Mode  Excitation 
Cable  and  Circuit  Configuration 
Single  Line  Model  for  Individual  Wire 
Thevenln  Equivalent  Circuit  Imuedance 
Single  Line  Common  Mode  Model 
Common  Mode  Model  of  Cable  Section 
Thevenln  Voltage  Magnitude 
49  Conductor  Cable  and  Terminations 
Spectral  Responses 

Critical  Circuit  Input  Voltage  from  EMP 


LIST  OF  TABLES 


Table 

Ii-1 

C(»0»ARIS0N  OF  PREDICTED  AND  MEASURED  UPSET 

LEVELS  FOR  INTEGRATED  CIRCUIT  FLIP-FLOP 

11-20 

U-?. 

SUMMARY  OF  POTENTIAL  UPSET  MODES 

11-33 

11-3 

COMPARISON  OF  PREDICTED  AND  MEASURED  UPSET 

LEVELS  FOR  DISCRETE  ELEMENT  FLIP-FLOP 

11-43 

1 1-4 

COMPARISON  OF  MEASURED  AND  CALCULATED 

VOLTAGES  FOR  DISCRETE  ELDiENT  FLIP-FLOP 

11-44 

II-5 

SUMMARY  OF  UPSEl*  ANALYSIS  RESULTS 

11-48 

III-l 

SUMMARY  OF  DAMAGE  THRESHOLD  ANALYSIS  RESULTS 

III-61 

vlil 


SECTION  I 


INTRODUCTION 


1.  BACKGROUND 

Modern  strategic  and  conunand  aircraft  are  required  to  survive  the 
effects  of  nuclear  detonations  such  that  mission  objectives  are  fulfilled. 
These  effects  include  overpressure,  thermal  and  X-ray  fluence,  particulate 
bombardment  (neutrons,  ganmia,  etc.),  ionizing  radiation,  and  .a  nuclear 
electromagnetic  pulse  (EMP) . 

ENF  is  an  important  adverse  environment  for -two  major  reasons.  First, 
from  an  operational  point  of  view,  high-intensity  electromagnetic  fields 
may  exist  at  very  long  ranges  from  the  burst  location.  Considering  anti- 
ballistic  missile  (ABM)  deployment,  high-intensity  EMP  may  be  expected 
throughout  most  of  the  timeline  for  typical  strategic  aircraft  missions. 

This  is  in  contrast  to  the  other  nuclear  environments  which  diminish  in 
intensity  rapidly  with  respect  to  distance  from  the  burst.  The  other 
significant  feature  of  EMP  is  its  complex  interaction,  first  with  the 
airframe  and  subsequently  with  the  internal  electronic  subsystems.  Briefly 
stated,  the  airframe  acts  as  a  large  antenna  in  responding  to  the  field 
of  the  FJ^.  Skin  currents  and  charges  are  generated  which  in  turn  cause 
internal  fields  through  apertures,  gaps,  discontinuities,  and  by  pickup 
on  exposed  cables.  These  Internal  fields  induce  voltage  transients  into 
interconnecting  cabling  which  in  turn  gives  rise  to  currents  which  affect 
the  electronic  equipment.  Since  the  phenomenological  and  coupling  aspects 
of  nuclear  EMP  generation,  propagation,  and  interaction  are  described  in 
considerable  detail  in  numerous  published  sources  (References  1-3),  it  is 
sufficient  to  say  here  that  EMP  can  cause  large  voltage  and  current  transients 
that  result  in  anomalous  responses  in  electronic  systems. 
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The  determination  of  the  smallest  EMP  Induced  signal  amplitude  of  a 
given  time  history,  that  will  produce  a  subsystem  malfunction,  is  called 
an  EMP  Susceptibility  Threshold  Analysis*  EMP  related  subsystem  malfunc¬ 
tions  are  broadly  divided  into  two  categories,  namely  upset  and  damage. 

The  minimum  signal  level  that  will  cause  a  permanent  degradation  in 
subsystem  performance  is  defined  as  the  Damage  Threshold*  Damage  is 
basically  a  component  level  response  in  that  the  subsystem  performance 
degradation  can  be  directly  related  to  the  failure  of  one  or  more  elec¬ 
tronic  parts* 

The  minimum  signal  level  that  can  cause  a  transient  or  nonpermanent 
degradation  of  a  subsystem's  functions!  capabilities  is  defined  as  the 
Upset  Threshold*  Upset  is  basically  a  clroiit  and  subsystem  level  response 
in  that  a  spurious  circuit  operation  must  occur  and  must  produce  an 
unacceptable  subsystem  response  before  upset  can  be  said  to  have  occurred* 

The  results  of  an  EMP  Susceptibility  Threshold  Analysis  combined  with 
the  results  of  an  EMP  Coupling  Analysis  are  used  to  perform  s  Vulnerability 
Assessment  of  a  given  subsystem*  The  objective  of  s  general  threshold 
analysis  is  to  compute  circuit  upset  or  damage  threshold  Independent  of 
any  specific  driving  function  or  source  impedsnee*  In  actuality,  the 
subsystem  analyst  has  been  given  an  EMP  specification  and  the  performance 
of  a  circuit  threshold  analysis  and  a  vulnerability  assessment  are  Inseparable 
Therefore,  this  handbook  provides  guidelines  for  performing  both  CMP 
Susceptibility  Threshold  Analysis  and  circuit  level  Vulnerability  Assessment* 
It  should  be  noted  that  a  specific  driving  function  and  a  source  impedance 
are  not  reqtiired  to  perform  a  threshold  analysis*  In  this  case,  either 
the  threshold  voltage,  current,  or  power  is  determined  at  the  subsystem 
interface  and  esn  be  used  to  compute  generator  voltage  for  any  given  source 
impedance* 


The  hardening  of  a  subsystem  refers  to  the  reduction  of  Its  vulner¬ 
ability  by  either  increasing  Its  susceptibility  thresholds  or  by  reducing 
Its  exposure  to  coupled  energy  or  possibly  both.  Subsystem  hardening  Is 
discussed  In  detail  In  Reference  4. 

2.  SCOPE 

The  purpose  of 'this  handbook  Is  to  present  general  methodologies  for, 
and  specific  exampJes  of.  the  computation  of  damage  and  upset  thresholds 
for  typical  electronic  circuits.  The  methods  presented  use  conventional 
circuit  analysis  techniques  In  combination  with  unique  component  and 
circuit  response  modeling  methods  to  achieve  the  prediction  of  upset  and 
damage  signal  levels. 

Since  electronic  design  engineers  routinely  use  conventional  circuit 
analysis  methods  such  as  Klrchoff's  Laws,  network  theorems  (superposition. 
Norton's  and  Thevenln's).  breakpoint  analysis  and  Driving  Point  Impedance 
(DPI)  techniques,  this  handbook  does  not  Include  a  tutorial  coverage  of 
this  material.  The  emphasis  Is  placed  on  presenting  available  Information 
regarding  the  abnormal  circuit  and  device  response  characteristics 
associated  with  the  large  amplitude,  high  frequency  transients  associated 
with  EMP. 

One  section  of  this  handbook  Is  devoted  to  the  description  and  appli¬ 
cation  of  a  typical  EMP  subsystem  specification.  Methods  for  computing 
Interface  signals  and  related  source  Impedances  are  presented.  This 
Information  In  combination  with  the  threshold  analysis  techniques  presented 
can  be  used  to  determine  circuit  vulnerability. 

3.  SUSCEPTIBILITY  ANALYSIS  OVERVIEW 

a.  General 

The  analysis  of  an  electronic  system's  susceptibility  to  some 
mode  of  malfunction  as  a  direct  result  of  an  EMP  Induced  transient. 
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requires  the  esclnaclon  or  conputatlon  of  the  upset  and/or  damage  thresh* 
old  of  each  circuit  found  to  have  a  significant  effect  on  the  system's 
performance.  The  Identification  of  relevant  circuits  Involves  a  detailed 
review  of  all  circuits  and  the  rejection  of  unimportant  ones  based  on 
elthex  the  presence  of  acceptable  protection  or  functional  Irrelevance. 

This  screening  procedure  Is  quite  straightforward  although  very  time 
consuming  and  Is  summarized  In  Flgttre  1*1.  This  procedure  Is  applicable 
to  any  subsystem  that  must  meet  an  EMP  specification  or,  In  the  absence 
of  such  a  specification,  to  any  subsystem  deemed  critical  to  the  successful 
completion  of  a  system's  mission  In  a  miclear  environment. 

As  part  of  evaluating  the  upset  and  damage  thresholds  of  a  subsystem, 
the  analyst  must  become  Intimately  familiar  with  Its  detailed  configuration 
and  operation.  The  use  of  this  information  differs  for  the  upset  and 
damage  cases  and  Is  discussed  In  more  detail  below. 

b.  Damage  Considerations 

Damage  has  been  defined  ss  an  Irreversible  degradation  of  com* 
ponent  functional  capabilities.  In  theory,  any  electronic  component  Is 
potentially  susceptible  to  EKP  caused  damage.  In  fact,  some  component 
types  are  Inherently  hard  to  the  levels  of  EMP  transients  likely  to  be 
experienced  In  aeronautical  systems  and  some  damageable  components  are 
protected  by  buffering  networks  made  up  of  less  sensitive  components  (e.g., 
series  resistor  or  Inductors,  and  shunt  capacitors).  Therefore,  If  a 
worst  case  transient  amplitude  and  frequency  distribution  can  be  either 
estimated  or  legislated  before  Initiating  the  damage  threshold  analysis, 
circuit  rejecvion  criteria  can  be  established  that  will  reduce  the  number 
of  circuits  which  oust  be  analyzed  In  detail. 

If  a  system  EMP  specification  has  been  def’ned  (such  ss  Figure 
1*2  which  applies  to  the  B*1  aircraft)  then  the  worst  case  can  be  determined 
and  the  circuit  sorting  can  proceed  using  a  "quick  look"  circuit  analysis 
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procedure.  Such  a  procedure  is  discussed  in  detail  in  References  5  and  6 
and  consists  basically  of  defining  circuit  configurations  that  are  not 
daaageable  at  specified  vorst  case  transient  levels. 

If  an  £NP  specification  has  not  been  defined  for  a  given  sub- 
systea*  then  a  worst  case  specification  can  be  estinated  based  on  known 
physical  constraints  such  as  cable  or  connector  voltage  breakdown  and 
systea  or  subsystea  geoaetry.  Depending  on  the  location  of  the  subsystem 
and  its  associated  cabling,  the  range  of  worst  case  EMP  signals  is 
typically  from  1  to  1000  aaperes  for  a  maximum  voltage  of  perhaps  10  kV 
and  pulse  durations  of  less  than  100  microseconds.  Some  rare  circuits 
connected  to  efficient  antennas  may  experience  higher  levels,  but  the  given 
range  can  be  considered  an  extresie  worst  case  in  aost  instances.  The 
selection  of  a  specific  worst  case  specification  in  the  range  given 
necessitates  considerable  familiarity  with  the  subsystem  being  analyzed. 

As  shown  in  Figure  I-l,  circuits  that  survive  the  screening  pro¬ 
cedure  are  then  analyzed  in  detail  to  determine  their  damage  thresholds. 
Section  III  presents  detailed  methods  and  examples  illustrating  the  compu¬ 
tation  of  circuit  damage  thresholds. 

c.  Upset  Considerations 

Upset  may  be  defined  as  a  nonpermanent  anomalous  response 
which  results  in  the  degradation  of  system  functional  capabilities.  Thus, 
an  EMP  event  may  cause  a  variety  of  transient  responses  in  various  sub¬ 
systems  and  circuits,  but  unleso  a  degradation  of  system  capability  results, 
there  is  no  upset.  Given  this  definition,  it  can  be  seen  that  an  individual 
upset  is  not  uniquely  defined.  Whether  or  not  an  EHP-induced  signal 
produces  an  upset  depends  on  both  electrical  paruseters  such  as  amplitude 
and  duration,  and  operational  paraaeters  such  as  circuit  or  subsystea 
criticality  and  mission  description. 
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As  shown  in  Figure  I-l,  ^l^^^teSslnetlon  of  upset  thresholds 
requires  first  that  the  analyst  be  ^j^Mtely  familiar  with  the  subsystem 
operation,  and  second,  that  he  seleci  circuits  that,  when  perturbed,  cause 
the  subsystem  to  malfunction*  Given  a  specific  circuit.  Section  II 
presents  detailed  methods  and  examples  Illustrating  circuit  upset 
threshold  computation* 


From  the  above  discussion.  It  may  be  surmised  that  the  definition 
of  upset  Is  concise  and  technically  correct,  but  perhaps  not  particularly 
helpful  In  gaining  an  understanding  of  upset  phenomena*  This  Is  a  con>' 
slstent  problem  In  discussing  upset*  Any  attea^t  to  provide  general  guide-' 
lines  requires  so  many  qualifications  that  the  complexity  precludes  under¬ 
standing*  The  following  discussion  Is  Intended  to  clarify  the  concept  of 
transient  unset* 


System  upset  can  result  from  either  the  generation  of  erroneous 
data  or  the  loss  of  valid  data*  In  general •  upset  may  result  from  the 
anomalous  response  of  either  analog  or  digital  circuitry*  Hoveveri  in 
many  cases  the  determination  of  whether  an  anomalous  response  actually 
constitutes  an  upset  will  depend  on  Its  timing  relative  to  other  system 
parameters  (e*g*.  Is  a  clock  pulse  present?  Are  the  data  critical  during 
this  portion  of  the  mission?)*  In  these  cases,  the  probability  of  upset 
Increases  with  the  duration  of  the  anomalous  response*  Thus,  the  proba¬ 
bility  of  upset  Increases  as  a  circuit's  ability  to  "remember"  transients 
Increases*  Digital  circuitry  Inherently  provides  a  greater  memory  capa¬ 
bility  than  analog  circuitry*  Thus,  digital  circuitry  receives  more 
emphasis  In  discussions  of  upset*  However,  In  certain  cases,  especially 
If  latch-up  or  saturation  occurs,  analog  circuits  can  exhibit  a  memory  of 
considerable  duration*  At  any  rate.  It  should  be  recalled  that  memory  Is 
not  always  necessary  to  produce  upset,  It  merely  Increases  the  probability* 
Figure  I-l  presents  three  examples  of  anomalous  circuit  responses  that 
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could  produce  upset,  given  an  appropriate  operational  situation.  These 
exaeplea  are  provided  to  gain  a  practical  insight  into  upset  aechanlsms. 

Figure  I-'Sa  illustrates  a  flip-flop  circuit  which  cliangea  state 
due  to  an  EMP  transient  on  a  trigger  input.  This  is  perhaps  the  classical 
upaet  exaaple.  Erroneous  data  have  been  generated.  Unless  the  flip-flop 
is  reset,  it  will  remain  in  the  changed  state  permanently.  If  the  data 
which  the  flip-flop  state  represents  are  critical,  the  system  functional 
capability  will  be  degraded  and  upset  will  have  occurred.  On  the  other 
hand,  if  the  flip-flop  is  reset  before  the  data  are  needed  (i.e.,  become 
critical),  the  system  will  not  be  degraded  and  upset  has  not  occurred. 

Figure  I-  3b  shews  a  NAKD  gate  changing  its  output  logic  level 
temporarily  due  to  an  EMP  transloit  on  the  power  supply  input.  If  the 
system  is  configured  to  recognize  this  temporary  logic  shift  as  data,  then 
upaet  may  occur.  If  the  system  does  not  recognize  the  logic  shift  a;'  data 
(e.g. ,  if  the  system  responds  too  slowly),  then  upset  does  not  occur. 

Figure  I-3c  shows  an  amplifier  being  driven  into  saturation  by 
an  EMP  transient  superimposed  on  its  signal  input.  Here,  the  data  channel 
is  interrupted  and  all  valid  data  are  lost  as  long  as  the  amplifier  remains 
in  saturation.  If  critical  data  are  lost,  then  the  system  capability  is 
degraded  and  upset  has  occurred.  If  no  data  were  present,  or  if  the  outage 
time  was  insufficient  to  destroy  any  data,  or  if  the  data  were  not  critical 
then  no  degradation,  and  thus  no  upset  has  occurred. 

It  should  be  noted  that  although  these  examples  each  postulate 
the  appearance  of  transient  at  a  specific  input,  the  transients  may  appear 
at  any  combination  of  terminals.  In  some  cases  this  "multiport"  excitation 
may  result  in  a  lower  upset  threshold  than  that  obtained  for  excitation  of 
a  single  port. 
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(b)  NAND  Gate  Upset 


Figure  l-3«  Examples  of  Attomaloua  Circuit  Response 


d.  Danage  and  Upset  Connonalities 

The  approach  used  to  reduce  the  EMP  susceptibility  problea  fro« 
the  system  level  to  the  circuit  level  is  in  itself  quite  involved  and  was 
summarized  above  to  provide  insight  to  the  reader*  This  handbook  does 
not  deal  further  with  this  problem  but  rather  presents  detailed  methods 
for  determining  circuit  level  damage  and  upset  thresholds  without  regard 
to  the  rationale  used  in  selecting  a  given  circuit. 

Once  a  specific  circuit  is  identified,  the  next  step  is  to 
either  theoretically  or  experimentally  determine  the  upset  or  damage 
thresholds  of  its  sensitive  ports.  The  basic  steps  in  determining  either 
upset  or  damage  thresholds  are  as  follows: 

(1)  Examine  eadi  circuit  port  for  possible  interest. 

(2)  If  circuit  vulnerability  is  to  be  assessed,  define 

the  source  configuration  (Z  ,  V  )  applicable  to 

s  oc 

the  port  being  analyzed. 

(3)  Select  analysis  method 

*  Hand  Analysis 

*  Computer  Analysis 

*  Experimental  Analysis 

(4)  Obtain  circuit  component  values  and  semiconductor 

device  paramters. 


(5)  Perfoni  analysis. 


(6)  Construct  susceptibility  Matrix. 

The  susceptibility  matrix  referred  to  in  Item  (6)  above  is  s  matrix 
relating  thre‘^hold  dsts  to  circuit,  eubasse^ly,  or  subsystem  injection 
points  for  use  in  selecting  test  monitor  points  or  for  evaluating  harden¬ 
ing  requirements.  A  detailed  discussion  of  each  step  in  the  threshold 
analysis  procedure  is  presented  in  Sections  II  and  III  for  upset  snd 
damage  respectively. 
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SECTION  II 


UPSET  THRESHOLD  ANALYSIS 


1.  GENERAL 

The  coaputatloa  of  the  mlnlaum  signal  level  of  specified  tiae  history 
that  can  cause  a  transient  or  nonpensanent  degradation  of  a  subsystea’s 
functional  capabilities,  is  called  an  Upset  Threshold  Analysis*  An  Upset 
Threshold  Analysis  is  pcrforaed  at  the  circuit  level,  after  the  circuits 
selected  for  analysis  have  been  identified  by  a  functional  analysis,  based 
on  their  criticality  to  the  performance  of  subsystea  functions.  Since  the 
concent  of  "Upset"  is  somewhat  unique,  the  reader  is  encouraged  to  consider 
carefully  the  "Upset  Considerations"  portion  of  Section  I. 

Given  that  a  specific  circuit  has  been  identified  as  being  contri** 
butory  to  an  upset  problem,  the  computation  of  upset  thresholds  will  proceed 
as  follows: 

(1)  Obtain  circuit  data  (i.e*,  component  values,  active  device 
parameters,  etc.)  and  analyze  the  circuit  to  determine  the 
applicable  operating  mode  (e.g.,  quiescent  state). 

(2)  Examine  each  circuit  node  for  possible  interest. 

(3)  Select  evaluation  method: 

(a)  Hand  Analysis 

(b)  Computer  Analysis 

(c)  Experimental  Assessment 
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(4)  Perform  threshold  analysis  for  selected  nodes. 

(a)  Compute  dc  upaet  threshold. 

(b)  Compute  and  plot  threshold  voltage  or  current  aa 
a  function  of  frequency. 

(c)  Enter  data  into  auaceptibllity  matrix  or  computer 
data  base. 

(d)  If  vulnerability  is  to  be  assessed,  determine  the 
applicable  driving  function  and  source  impedance. 
Vulnerability  is  determined  by  comparing  the  actual 
driving  function  to  the  results  of  (b) . 

For  the  purposes  of  this  handbook,  only  interface  circuit  ports  will 
be  considered.  This  simplification  assumes  the  use  of  good  packaging  and 
grounding  techniques  so  that  Inadvertent  intracircuit  coupling  is  precluded. 
Thus,  the  analyst  can  assume  that  the  propagation  of  the  EMP  signal  into 
the  circuit  occurs  only  at  ports  chat  are  connected  directly  to  external 
cables.  On  the  other  hand,  a  less  than  optimal  packaging  design  may  allow 
cross  talk  between  the  interface  and  internal  circuits  in  which  case  every 
circuit  node  must  be  analyzed  and  the  problem  is  greatly  magnified.  While 
this  handbook  specifically  addresses  Interface  porta,  the  analysis  techniques 
presented  apply  to  any  circuit  node. 

2.  RESPONSE  CONSIDERATIONS 

As  stated  previously,  upset  may  result  from  the  anomalous  response  of 
cither  analog  or  digital  circuitry*  However,  experience  has  shown  that 
transient  effects  on  digital  circuits  and  data  ia  the  most  severe  problem 
in  that  undesirable  circuit  disturbances  occur  at  lover  signal  levels  and 
a  single  logic  level  change  can  be  transmitted  throughout  a  logic  system 
causing  complex  functional  interactions.  Furthermore,  the  technology 
involved  (i.e.,  discrete  component  or  integrated  circuit)  also  influences 
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Che  degree  of  the  upset  problem.  Figure  ll-*!  illustrates  typical  digital 
circuit  upset  threshold  treads.  The  curves  shown  do  not  depict  any  parti- 
cular  digital  circuit  configuration,  but  rather  show  the  relative  upset 
levels  associated  with  typical  ac  and  dc  coupled  discrete  and  Integrated 
I'.lgltal  circuits.  Since  most  new  systems  use  dc  coupled,  Integrated  circuit 
digital  devices  extensively,  the  balance  of  this  section.  Including  one  of 
the  example  problems,  la  oriented  towards  this  class  of  components. 

Upset  threshold  analyses  Involve  the  use  of  conventional  network  and 
circuit  analysis  techniques,  but  present  unique  analytical  problems  for  the 
following  reasons: 

(1)  Spurious  signals  can  appear  at  any  interface  port;  there¬ 
fore,  circuits  are  excited  In  an  abnormal  manner. 

(2)  The  frequency  spectrum  associated  with  an  EMP  stimulus  Is 
very  broad;  therefore,  circuit  response  to  unusually  high 
frequencies  must  be  determined. 

The  computation  of  upset  thresholds  for  a  given  dc  coupled  digital 
circuit,  therefore,  Involves  the  determination  of  voltage  threshold  as  a 
function  of  frequency  for  every  circuit  Interface  port  or,  as  a  minimum, 
the  computation  of  "worst  case**  (l.e.,  minimum  threshold  voltage  and 
associated  frequency).  As  shown  In  Figure  11-1,  the  lowest  upset  threshold 
Is  the  dc  level.  If  the  specified  EHP  signal  does  not  exceed  this  voltage 
at  any  frequency,  then  the  circuit  will  not  be  upset.  Since  the  EKP  signal 
amplitude  Is  generally  frequency  dependent,  the  voltage  threshold  as  a 
function  of  frequency  should  be  determined.  Therefore,  there  are  two 
approaches  to  upset  threshold  analysis.  First  Is  the  conservative  approach 
which  assumes  the  dc  threshold  to  apply  regardless  of  EMP  frequency.  As 
shown  In  Figure  11-1,  this  approach  could  result  In  severe  hardeiiug 
penalties  at  high  frequencies  where  the  circuit  upset  threshold  Is  actually 
much  higher  than  the  dc  level.  The  second  approach  Is  to  determine,  either 
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Figure  II-l.  Digital  Circuit  Upset  Threshold  Trends 


^  s 


experimentally  or  theoretically,  the  actual  threshold  voltage  as  a  function 
of  frequency.  An  approximate  technique  for  calculating  this  relationship 
Is  presented  below. 


Tests  have  shown  that  for  typical  high  gain  switching  circuits 
(References  1  through  4)  transleut  upset  Is  largely  Independent  of  the 
exact  transient  waveshape  and  depends  only  on  the  peak  value  of  the 
transient  ar  1  the  time  over  which  the  transient  exceeds  the  threshold. 

The  high  f..equency  knee  of  the  curve  shown  In  Figure  II~1  occurs  at  a 
frequency  related  to  the  propagation  delay  time  of  the  given  circuit. 

Since  the  exact  waveform  of  the  applied  transient  Is  not  critical,  one  can 
assume  a  rectangular  pulse  for  simplicity.  Since  a  damped  sine  wave  cable 
response  Is  often  encountered,  a  relationship  Is  required  to  relate  a  sine 
wave  frequency  to  an  equivalent  rectangular  pulse.  The  following 
relationship  was  derived  empirically  and  found  to  give  reasonable  results: 

*  “sF 

where 

f  *  frequency  of  damped  sinusoid 
t  •  duration  of  rectangular  pulse. 

Based  on  the  above  Information,  the  voltage  threshold  to  cause  circuit 
upset  can  now  be  evaluated  as  a  function  of  t  from  an  approximate  energy 
relationship  at  the  circuit  node  of  Interest: 


V 

E.\t 


where 


E  *  energy 
V  •  voltage 
R  •  Input  resistance 
t  •  pulae  duration 


II-5 


The  mlnlaum  upset  energy  (E^)  Is  dependent  on  the  propagation  delay 
tiae  (tpj)  th*  threshold  voltage  ;  therefore 

V  ^ 

\  "  ”r  ~  ^pd 

If  one  assumes  that  upset  energy  Is  constant,  then  the  upset  voltage 
for  pulse  durations  shorter  than  t^^  aiay  be  determined  as  follows: 


2  2 
V  ^t  -  V .  ^  t  . 
u  u  dc  pd 

V  _  V 
u  dcVt  / 

'  u  ' 


1/2 


where 


Vy  •  actual  upset  voltage 

t  *  actual  pulse  duration  for  t  <  t  . 
u  u  pa 


It  should  be  emphasized  that  this  is  an  approximate  technique  that 
neglects  the  frequency  dependence  and  nonlinearity  of  circuit  input 
impedance.  This  approach  should  be  used  only  when  the  conservatism 
associated  with  the  dc  threshold  level  causes  unacceptable  hardening 
penalties.  The  results  obtained  using  this  method  are  compared  with 
experimental  threshold  measurements  on  a  flip-flop  input  port  as  part  of  the 
first  example  problem  later  in  this  section.  Figure  II-2  shows  the 
results  of  this  comparison.  Th'  predicted  high  frequency  thresholds  are 
lower  than  the  measured  thresholds  and  are  therefore  conservative. 


As  stated  earlier,  transient  circuit  upset  may  be  caused  by  a  slgn^^.! 
coupled  to  any  circuit  node.  Therefore,  equal  consideration  must  be  given 
to  normal  input  terminals,  and  any  other  circuit  node  exposed  to  transient 
injection.  Since  transients  may  be  coupled  to  several  circuit  nodes 
simultaneously,  the  multiport  response  of  each  circuit  must  also  be 
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Comparison  of  Predicted  and  Measured  Upset  Levels  for  Short  Pulse  Durations 


considered.  For  a  given  EMP  field  environment,  the  transient  coupled  to  a 
given  circuit  nods  depends  on  the  type  and  length  of  cable  associated  with 
the  circuit  and  on  the  applicable  EMP  specification.  Section  IV  discusses 
the  evaluation  of  these  factors.  Unless  the  frequency,  phase,  and  anpli- 
tude  of  ths  transients  coupled  to  each  circuit  node  are  known,  nultiport 
response  can  be  considered  on  s  worst  case  basis  only.  As  will  be  seen  in 
ths  sample  analyses  presented  latar,  the  multiport  cases  considered  did  not 
yield  significantly  lower  upset  thresholds.  Multiport  upset  studies  have 
been  performed  by  a  few  investigators  (References  3  and  3  ) ,  and  upset 
thresholds  lowar  than  for  tie  single  port  esse  have  been  reported  in  a  few 
cases. 

Once  the  transient  upset  threshold  of  each  critical  circuit  node  has 
been  determined  separately,  the  multiport  response  of  the  circuit  should 
be  estimated  by  inspection  in  order  to  detarmine  if  a  detailed  anslysis  is 
warranted. 

3.  ANALYSIS  METHOD  SELECTION 

Ths  three  general  approaches  to  upsst  threshold  analysis  are  hand 
analysis,  computer  anslysis,  and  expsrimentsl  analysis.  Each  of  these 
approaches  has  certain  advantages  snd  limitations  which  will  be  discussed 
below. 

Hand  analysis  refers  to  the  solution  of  s  circuit  problem  by  using 
simple  computational  aids  such  as  s  slide  rule  or  simple  electronic  calcu^ 
lator.  To  determine  a  transient  upset  threshold  using  hand  anslysis  requires 
the  use  of  circuit  analysis  techniques  such  ss  Kirchoff's  voltage  and 
current  laws,  breakpoint  techniques,  snd  Driving  Point  Impedance  Techniques 
(Appendix  C) . 
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The  Information  required  for  hand  analysis  Is  the  normal  component 
values  such  as  resistance,  capacitance,  Inductance,  and  transistor  or 
Integrated  circuit  characteristics.  In  the  case  of  semiconductors,  the 
model  used  will  depend  on  the  circuit  being  analyzed.  For  an  aiq)llfler 
operating  It  Its  linear  region,  the  hybrid  pi  or  small  signal  h  parameters 
can  be  used.  For  a  digital  or  saturated  switching  circuit,  large  signal 
parameters  such  as  turn*on  tine,  turn*off  time,  and  saturation  voltages 
and  logic  truth  tables  are  used.  This  Information  Is  normally  available 
from  manufacturer's  data  sheets.  In  the  case  of  saturating  digital  cir¬ 
cuits,  much  Information  can  be  gained  by  a  "quick-look”  analysis  using 
only  the  logic  truth  table  and  the  logic  levels  of  the  gates  of  Interest. 
This  method  will  be  used  later  In  one  of  the  sample  hand  analyses. 

Computer  analysis  refers  to  the  use  of  one  of  the  available  transient 
analysis  computer  codes  (CIRCUS  2,  NET-2,  SCEPTRE,  etc.)  to  solve  a  given 
circuit  problem.  The  available  computer  codes  vary  In  applicability  from 
the  very  simple,  capable  of  handling  a  several  node  problem,  to  the 
extremely  complex  with  capability  for  kllonode  problems.  Since  there  are 
many  user  oriented  circuit  analysis  computer  codes  available,  the  selection 
of  a  particular  code  Is  best  made  on  the  basis  of  availability  and  user 
familiarity.  The  sample  computer-aided  circuit  problems  presented  In  this 
handbook  were  performed  using  CIRCUS  2,  KET-2,  and  SCEPTRE. 

Experimental  assessment  of  a  circuit's  transient  upset  threshold  refers 
to  the  direct  Injection  of  a  signal  at  one  or  more  ports  and  the  measurement 
of  signal  level  required  to  produce  :‘.lrcult  upset.  Given  available  labora¬ 
tory  facilities  and  a  well  defined  circuit  problem,  experimental  determina¬ 
tion  of  transient  upset  levels  can  be  an  accurate  and  cost  effective 
approach. 

The  selection  of  a  particular  analysis  method  depends  on  the  objective 
of  the  analysis  and  must  take  Into  account  the  following  factors: 
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(1)  Circuit  complexity  ~  This  refers  to  the  number  of  active 
and  passive  componects»  voltage  sources,  and  current 
sources. 

(2)  Problem  complexity  -  This  refers  to  the  number  of  solutions 
required  and  the  number  of  variables  to  be  considered. 
Variations  in  problem  complexity  depend  directly  on  the  com¬ 
plexity  of  the  EMP  specification  and  therefore  on  the  source 
configuration  and  driving  function  complexity.  This  factor 
is  therefore  related  to  the  circuit  vulnerability  assessment. 

(3)  Data  required  -  This  refers  to  the  circuit  component  values 
and  device  charactnistics  that  must  be  known  to  solve  a 
given  problem.  The  data  required  vary  considerably  depending 
on  whether  discrete  or  integrated  circuits  are  being  con¬ 
sidered  and  upon  tl«  particular  analysis  method  being  used. 

(4)  Accuracy  required  -  Since  the  objective  of  a  transient  upset 
analysis  is  to  determine  the  relative  upset  thresholds  of 
varying  types  of  circuits,  the  precision  of  the  upset  voltage 
levels  calculated  is  not  too  critical. 

(5)  Economy  -  If  one  or  more  analytical  techniques  yield  com¬ 
parable  results,  the  time  and  cost  of  analysis  should  be 
considered. 

(6)  Number  of  similar  analyses  to  be  performed  -  If  several 
similar  circuits  are  to  be  analyzed,  the  selection  of  an 
analysis  technique  should  be  made  so  that  duplication  of 
computation  is  minimized. 
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Figure  II-3  is  an  analysis  technique  selection  satrix  that  weights 
the  three  analysis  techniques  based  on  the  six  selection  factors  just 
described.  Depending  on  the  iaportance  of  each  selection  factor  for  a 
given  problem,  the  three  analysis  methods  are  numbered  1,  2,  and  3  in  order 
of  preference;  therefore,  the  lowest  cumulative  weighting  indicates  the  pre¬ 
ferred  method.  An  analysis  technique  can  be  selected  accordingly.  Separate 
matrices  are  presented  for  discrete  component  and  Integrated  circuits. 

Figure  II-3  shows  clearly  that  each  analysis  technique  has  its  advantages 
and  limitations.  Considering  all  six  analysis  technique  selection  factors, 
the  experimental  method  is  found  to  have  an  overall  advantage.  The  light¬ 
ing  of  individual  selection  factors  is  adadttedly  subjective,  but  the  con¬ 
clusion  that  experimental  determination  of  upset  thresholds  is  most  practi¬ 
cal  has  been  found  to  be  valid  in  many  instances.  This  conclusion  is  not 
intended  to  be  general,  and  users  of  this  analysis  technique  selection 
approach  should  evaluate  the  nature  and  objective  of  their  particular  upaet 
problem  and  fill  out  th^  matrix  accordingly. 

Hand  analysis,  computer  aided  analysis,  and  experimental  assessment 
of  transient  circuit  upset  thresholds,  properly  utilized,  will  yield  com¬ 
parable  results.  Sample  problems  presented  later  illustrate  the  equivalence 
of  computational  accuracy  of  the  three  methods  and  therefore  show  that 
accuracy  is  not  a  primary  consideration  for  most  problems. 

The  experimental  determination  of  a  circuit's  upset  characteristics 
is  a  reasonably  straightforward  procedure  requiring  only  adequate  labora¬ 
tory  facilities  and  carefully  prepared  test  plans.  If  the  transient  thresh¬ 
old  characteristics  of  a  large  number  of  reasonably  simple  circuits  are 
required,  an  experimental  program  may  not  be  practical.  In  this  event,  hand 
analysis  provides  a  fast  and  straightforward  means  for  determination  of  dc 
upset  characteristics.  For  the  simple  circuit  case,  computer-aided  analysis 
may  not  be  practical  due  to  the  time  required  to  accumulate  device  parameters, 
to  format  the  circuit,  and  to  debug  the  input  deck.  Computer-aided  analysis 
provides  the  best  means  for  determining  the  transient  upset  thresholds  of  a 
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large  number  of  similar  circuits  or  of  circuits  containing  or  being  driven 
by  sources  having  reactive  elements.  The  practicality  of  using  one  of  the 
transient  analysis  circuit  codes  Is  very  dependent  on  the  size  and 
accuracy  of  the  semiconductor  device  library  available. 

Whether  hand  analysla  or  computer*>alded  analysis  Is  used  to  solve  a 
given  transient  upset  problem^  verification  the  results  using  experlmen* 
tal  techniques  Is  often  required.  Given  a  firm  guideline  such  as  the  B-1 
common  mode  cable  current  specification,  simplifying  assumptions,  such  as 
the  usa  of  dc  thresholds,  nay  be  made  that  make  the  use  of  hand  analysis 
techniques  advisable  In  order  to  obtain  usable  results  In  a  minimum  amount 
of  tine. 

4.  DATA  REQUIRED  FOR  UPSET  ANALYSIS 

Theoretical  transient  circuit  upset  analysis  Is  performed  In  vvo 
steps:  first,  the  dc  upset  threshold  of  each  selected  circuit  node  is 
determined;  second,  the  frequency  dependence  of  each  circuit  node  upset 
threshold  Is  determined  If  the  driving  function  frequency  is  a  factor.  Since 
the  dc  upset  threshold  represents  the  worst  case  for  any  port,  the  sample 
analyses  presented  In  the  next  section  emphasize  the  determination  of  this 
voltage  level.  An  approximate  method  for  determining  the  threshold  at  a 
specific  freqi.ency,  given  the  dc  upset  level,  was  presented  earlier  for 
general  reference  and  Is  demonstrated  by  the  first  example  problem. 

Limiting  analysis  to  the  dc  threshold  case  minimizes  the  data 
required  In  order  to  assess  a  given  circuit.  For  hand  analysis,  the  dc 
upset  threshold  for  either  Integrated  or  discrete  circuits  can  be  detar- 
mined  using  passive  component  values  and  data  directly  from  manufacturer's 
specifications.  Detailed  component  data  are  not  generally  available  for 
Integrated  circuits,  thus,  the  logic  circuit  levels  given  by  the  manu¬ 
facturer,  combined  with  the  known  switching  characteristics  of  silicon 
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transistors >  can  be  used  to  estimate  the  dc  upset  thresholds  of  various 
circuit  nodes*  Since  most  existing  transient  analysis  codes  use  a  sped' 
flc  model  for  semiconductor  devices  (EbersHioll,  charge  control,  etc.), 
more  device  data  may  be  required  to  utilize  a  given  computer  code  than  Is 
required  for  hand  analysis.  If  considerable  use  of  computer  codes  for  the 
determination  of  circuit  dc  upset  thresholds  Is  planned,  simplified  piece* 
vise  linear  models  should  be  developed  In  lieu  of  more  complex  models.  Some 
of  the  device  models  available  for  use  In  upset  analysis  are  discussed  In 
Appendix  A.  The  computer-aided  analysis  of  Integrated  circuit  dc  upset 
thresholds  is  not  presently  practlcsl  because  of  the  lack  of  circuit  element 
data  on  most  manufacturers'  specifications.  The  development  of  simplified 
modeling  techniques  for  Integrated  circuits  (References  6  and  7)  will 
greatly  assist  In  studying  IC  upset,  but  at  the  present  time,  this  approach 
Is  still  unproven.  The  first  circuit  upset  problem  presented  later  In  this 
section  shows  that  hand  analysis  Is  reasonably  straightforward  for  the  IC 
case. 


By  limiting  upset  analysis  to  the  dc  threshold  case,  the  circuit  and 
device  parameters  that  contribute  to  circuit  response  or  propagation  delay 
time  need  not  be  known.  The  analysis  problem  Is  not  trivial  however,  since 
the  dc  thresholds  of  all  ports  must  be  calculated  for  both  positive  and 
negative  polarities. 

5.  UPSET  ANALYSIS  EXAMPLES 

a*  Hand  Analysis 


) 

i 


The  method  used  to  dstarmlne  the  upset  threshold  of  a  given  cir¬ 
cuit  will,  to  a  large  extent,  be  determined  by  the  Information  avallabla 
on  that  circuit  and  on  the  complexity  of  the  circuit.  There  Is  little 
circuit  simplification  that  can  be  done  for  upset  since  the  circuit  Is 
normally  In  the  "power-on"  condition  and  all  components  are  Interacting. 


For  logic  or  saturated  switching  circuits  one  can  first  establish  a  truth 
table  for  the  circuit  and  examine  this  truth  table  for  upset  conditions. 

The  next  step  is  to  examine  the  schematic  diagm  and  to  consider  the 
effects  of  transients  of  either  polarity  on  the  susceptible  ports.  (The 
dc  upset  levels  are  assumed  to  be  the  dc  logic  levels.)  The  frequency 
dependence  is  then  determined  using  a  relationship  like  the  one  derived 
earlier  in  this  section. 

The  following  two  examples  have  been  chosen  as  representative  of 
the  types  of  analyses  that  are  required  to  coafmte  circuit  upset  thresholds. 
The  first  problem  involves  an  integrated  circuit  flip-flop  consisting  of 
cross-coupled  TTL  HAND  gates.  The  analysis  for  this  circuit  is  based  on 
the  truth  table  for  the  circuit  and  a  **quick  look"  method  involving  only 
information  available  fr<m  the  manufacturer's  data  sheet. 

The  second  analysis  is  a  detailed  analysis  of  a  discrete  component 
flip-flop.  Many  of  the  techniques  that  could  not  be  applied  to  the  inte¬ 
grated  circuit  case  are  used  since  component  parameters  were  available  for 
all  semiconductors.  The  discrete  flip-flop  was  also  analyzed  using  SCEPTRE* 
NET-2*  and  CIRCUS  2,  and  the  results  of  the  computer-aided  analysis  are 
discussed  later  in  this  section. 

(1)  Problem  1.  Integrated  Circuit  Flip-Flop 

As  one  example  of  using  hand  analysis  methods  to  determine 
upset  thresholds*  consider  an  R-S  flip-flop  utilizing  a  pair  of  cross 
coupled*  integrated  circuit,  2-input  NAND  gates*  To  fully  show  the  analysis 
methodology*  it  is  assumed  that  a  transient  signal  can  appear  on  any  line 
connected  to  the  circuit. 

A  schematic  diagram  of  the  flip-flop  is  shown  in  Figure 
II-4a  and  a  logic  diagram  of  the  flip-flop  is  shown  in  Figure  II-4h«  Also 
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shovm  in  Figure  II~4b  are  Che  logic  states  at  each  terminal  for  one  of  its 
two  stable  states.  The  inputs,  A  and  B,  are  normally  held  at  a  logic  "1" 
and  require  a  negative  going  pulse  (to  logic  "0")  to  trigger  the  circuit. 

The  outputs  of  this  circuit  are  C  and  D.  Figure  ll~5a  describes  the  normal 
operation  of  the  flip-flop.  The  quiescent  state  shown  in  Figure  11-4 
(A  «  "1"  and  D  «  "0"  and  B  «  ”l")  will  be  used  in  this  analysis.  Results 
for  the  other  state  can  be  obtained  by  interchanging  A  %d.th  B  and  C  with  D. 

A  specification  sheet  for  the  type  of  TTL  logic  used  in  this 
analysis  is  shown  in  Figure  Il-5b.  Detailed  component  data  are  generally 
not  available  for  IC's.  Using  only  the  information  from  the  data  sheet,  one 
can  approximately  determine  the  voltages  at  various  points  in  the  circuit. 
These  voltages  are  shown  on  the  schematic  in  Figure  11-4. 

The  quiescent  point  analysis  of  the  circuit  shown  in  Figure 
11-4  is  an  approximation  based  on  typical  transistor  performance  character- 
itcics.  From  the  specification  sheet,  the  logic  "0"  output  voltage  is 
0.26  volt.  By  looking  at  the  schematic,  this  voltage  would  appear  to  be 
the  V--  of  the  output  transistor.  Since  these  are  silicon  devices, 

V-f,  ^  can  be  assumed  to  be  0.7  volt.  A  typical  value  of  logic  "l"  voltage 
is  listed  as  3.5  volts.  Using  these  values  and  the  logic  state  shown  in 
Figure  11-4,  one  can  establish  that  inputs  A  and  6,  output  C,  and  Q^2 
collector  are  at  3.5  volts.  Output  D  and  collector  are  at  0.26  volt. 
Since  is  saturated,  the  base  voltage  is  0.7  volt  which  indicates  that 
is  also  in  saturation.  The  voltage  at  the  base  of  is  therefore 
1.4  volts  and  the  voltage  at  its  collector  is  0.96  volt.  The  nltage 
between  the  collector  of  and  the  emitter  of  (0.7  vol)  is  insuf¬ 
ficient  for  saturation  of  both  dioda  and  the  emitter  base  Junction  of 

therefore  it  cut  off.  With  and  both  saturated,  the  collec¬ 
tor-base  junction  of  is  forward  biased.  The  voltage  at  the  base  of 
is  therefore  2.1  volts  and  the  emitter-base  junctions  are  lioth  reverse 
biased. 
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since  one  of  the  esittere  of  Q^2  emltter-base 

Junction  of  Q^2  forward  biased  and  the  voltage  at  the  base  of  Q^2 
0.96  volt.  For  Q^2  ^22  saturated  and  the  collector-base  Junction 

of  Q^2  forward  biased  would  require  the  voltage  at  the  base  of  Q^2 

be  2.1  volts.  Because  the  voltage  at  the  base  of  Q^2  such  less  than  this, 
Q22  and  Q^2  a^®  voltage  at  the  collector  of  Q22  is  therefore 

approximately  4.9  volts.  This  is  sufficient  to  forward  bias  the  diode  D^2 
and  the  emitter-base  Junction  of  Q22*  Q32  i®  therefore  on  and  the  voltage 

at  its  base  is  4.2  volts. 

Initially,  the  analysis  will  be  for  pulse  widths  ouch  longer 
than  the  propagation  delay  of  the  circuit.  This  is  approximately  40  ns  or 
twice  the  maximum  delay  time  of  one  gate.  As  discussed  earlier,  this  will 
give  the  dc  upset  level  for  each  circuit  port.  Upset  thresholds  for  higher 
frequencies  will  be  discussed  later. 

Tabxe  ll-l  is  a  summary  of  the  possible  upset  modes  for  this 
circuit  Including  a  comparison  of  predicted  and  measured  dc  threshold  vol¬ 
tages.  Each  case  is  discussed  below. 

Case  1  -  Input  A 

(a)  A  positive  going  signal  on  A  will  not  change  the  state  of  D  so 

no  upset  will  occur.  There  is  the  possibility  of  damage  to  diode 
D2j^  or  to  the  emitter-base  Junction  of  Q.  ^  once  their  breakdown 
voltage  is  exceeded  ('^7  V). 

(b)  A  negative  going  signal  on  A  will  cause  the  circuit  to  change 
state.  A  signal  that  drives  A  to  below  its  maximum  logic  "0" 
level  1.2  V)  will  cause  D  to  change  to  a  logic  "1"  (normal 
NAND  function), the  change  on  D  will  cause  C  to  change  to  a  logic 
"0"  (also  a  normal  NAND  function) .  The  flip-flop  has  therefore 
upset,  the  upset  threshold  being  the  difference  between  the  logic 
"1"  and  logic  "0"  levels  (3.5  -  1.2)  or  approximately  2.3  volts. 
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TABLE  II-l 


COMPARISON  OF  PREDICTED  AND  MEASURED  UPSET 
LEVELS  FOR  INTEGRATED  CIRCUIT  FLIP-FLOP 


Upset 

Case 

Terminal 

Pulsed 

Pulse 

Polarity 

Upset  Level 

Predicted  Meas 
(Volts)  (V( 

1(a) 

A 

+ 

* 

Kb) 

A 

— 

2.3 

] 

2(a) 

B 

+ 

3,5 

e 

2(b) 

B 

- 

A 

3(a) 

C 

+ 

* 

3(b) 

C 

- 

2.3 

1 

4(a) 

D 

+ 

1.7 

3 

4(b) 

D 

- 

•k 

5(a) 

V 

cc 

+ 

•k 

c 

5(b) 

V 

cc 

5.0** 

e 

6(a) 

Gnd 

+ 

5.0** 

7 

6(b) 

Gnd 

- 

* 

c 

Case  2  -  Input  B 


(a)  A  positive  going  signal  on  B  could  cause  an  upset  if  the  break-* 
down  voltage  of  the  emitter-base  junction  of  Q^2  exceeded 
(^7  V).  Once  this  voltage  is  exceeded,  the  voltage  on  the  base 

of  Q22  vould  increase  turning  it  and  Q^2  (hjtput  C  would  change 
to  logic  "0"  which  in  turn  will  cause  D  to  go  to  logic  "1"  and 
the  circuit  is  upset.  The  transient  signal  required  is  the 
difference  between  the  breakdown  voltage  of  the  emitter-base 
Junction  of  Qj^2  normal  logic  "1”  input  voltage  (7.0  - 

3.5)  or  approximately  3.5  volts. 

(b)  A  negative  going  signal  on  B  will  not  cause  upset.  This  signal 
will  not  cause  an  output  change.  There  is  a  possibility  of  damage 
if  B  goes  highly  negative  due  tn  a  large  forward  bias  on  022* 

Case  3  -  Output  C 

(a)  This  analysis  is  the  same  as  Case  1  (a) . 

(b)  This  analysis  is  the  same  as  Case  1  (b) . 

Case  4  -  Output  D 

(a)  A  positive  going  signal  on  D  will  cause  the  circuit  to  change 
8!;ate.  A  signal  that  drives  D  above  the  minimum  logic  "1"  level 
(-^1.7  volts)  will  cause  C  to  go  to  logic  "0"  (normal  HAND  function). 
Since  A  is  logic  "l”  and  C  is  logic  "0,"  D  will  be  held  at  logic 
"1"  and  the  flip-flop  has  been  upset.  The  transient  signal  ampli¬ 
tude  required  is  the  minimum  logic  "1"  level  of  1.7  volts. 

(b)  A  negative  going  signal  on  D  will  not  cause  upset  but  may  result 
in  permanent  damage  to  forward  biased  diode  D^2* 
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Cases  5  (a)  (b)  and  6  (a)  (b)  ~  Power  Supply  jnd  Ground  Lines 


For  this  circuit,  the  results  of  a  transient  on  the  power  supply  and 
ground  line  are  for  the  most  part,  indeterminate.  Due  to  variations  in 
component  values,  the  circuit  will  normally  have  a  preferred  state.  If 
the  circuit  is  to  upset,  it  will  generally  go  to  this  state.  A  few  general 
statements  can  be  made  about  upset  due  to  power  supply  and  ground  line 
transients.  A  negative  going  transient  on  the  power  supply  line  (^5  V}  will 
cause  the  flip~flop  to  go  to  its  preferred  state.  This  is  the  same  as 
turning  off  the  supply  voltage  and  then  turning  it  on  again.  The  same  is 
true  for  a  positive  going  transient  on  the  ground  line. 

The  upset  threshold  voltages  for  this  circuit  are  the  voltages  at  the 
ports.  Since  these  voltages  are  small  and  the  currents  Involved  are  on  the 
order  of  10  ma  or  less,  the  magnitude  of  the  source  Impedance  will  have  little 
effect  on  generator  voltage  required  for  upset. 

An  integrated  circuit  flip’-flop  of  the  type  just  described  was  tested 
to  verify  the  predicted  upset  levels.  A  comparison  of  the  predicted  and 
measured  values  are  shown  in  Table  II-l.  Upset  occurred  in  all  predicted 
cases.  Upset  also  occurred  when  positive  going  pulses  were  injected  on 
the  power  supply  and  ground  lines.  In  both  cases,  the  final  flip~flop 
state  was  the  preferred  state.  While  these  cases  were  not  predicted,  the 
upset  is  due  to  the  negstive  voltage  excursion  that  occurs  at  pulse  termi~ 
nation.  This  negative  "overshoot"  is  due  to  circuit  charge  storage  ten* 
dencies  and  gives  effectively  the  same  results  as  does  a  negative  pulse. 

Upset  can  occur  for  pulse  widths  shorter  than  the  propagation  delay 
time  of  the  flip~flop.  However,  as  discussed  earlier,  as  the  pulse  dura* 
tion  becomes  shorter,  the  pulse  amplitude  required  for  upset  becomes  larger. 
The  expression  derived  in  Section  II. 2  can  be  used  to  compute  the  upset 
threshold  for  any  frequency  (or  pulse  width)  given  the  dc  value. 
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A  comparison  of  the  predicted  and  aeasured  upset  thresholds  for  various 
frequencies  was  shown  in  Figure  XX''2  and  is  repeated  here  for  reference 
only.  The  data  given  in  this  figure  apply  to  input  A.  The  expression  used 
to  compute  the  upset  voltage  at  various  frequencies  is: 


V 


u 


1/2 


where 

t  ,  »  40  nsec 
pd 

V,  *2.3  volts 
dc 

t^  ■  pulse  duration 

■*  computed  threshold  voltage  at  t^. 

As  was  indicated  earlier,  the  estimate  of  the  upset  voltage  for  higher 
frequencies  is  only  sn  approximation  and  the  technique  used  has  not  been 
studied  sufficiently  to  allow  confidence  in  its  general  applicability. 

Since  the  worst  case  upset  threshold  is  the  dc  value,  the  high  frequency 
threshold  approximation  is  not  critical  to  a  hardening  effort. 

(2)  Problem  2.  Discrete  Transistor  Flip-Flop 

The  discrete  transistor  flip-flop  (bistable  multivibrator) 
shown  in  Figure  XX-6  was  chosen  for  "upset"  analysis  by  both  hand  and  com¬ 
puter  methods.  Transistors  and  comprise  the  basic  flip-flop  stage 
and  transistors  and  act  ss  output  buffer  stages.  Negative  input 
signals  are  applied  to  XF-01  and  the  OF-Ol  terminals  to  "set"  and  "reset" 
the  circuit,  respectively.  Diodes  D^^  and  D2  cause  the  inputs  normally  to 
respond  only  to  negative  trigger  signals.  Diodes  D^  and  Dg  prevent  the 
bases  of  and  Qg  from  going  more  positive  than  a  single  diode  drop  due 
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Figure  11-6.  Schematic  Diagram  of  Discrete  Component  Flip-Flop  Circuit 


to  currents  through  biasing  resistors  and  Cross-coupling  diodes 

Dj  and  prevent  the  collector  of  the  "off*  transistor  from  going  more 
negative  than  about  -0.9  volts  (represents  base-emitter  drop  of  "on” 
transistor,  ^0.3  V,  plus  silicon  diode  drop  of  -i:0.6  V).  The  and 

the  C2  networks  reduce  the  speed  of  the  circuit  and  cause  the  output 
buffer  stages  to  be  more  imivine  to  noise  transients.  The  outputs  F-01  and 
F-01  at  the  collectors  of  the  buffer  stages,  and  Q^,  are  prevented  from 
going  more  negative  than  -3  volts  by  the  collector  catching  (limiting) 

diodes  D.  and  D, . 

3  A 


Only  diodes  D^,  D^,  D^,  and  are  silicon  devices  (indicated 
by  S);  all  the  remaining  diodes  and  transistors  are  germanium  devices.  The 
nominal  collector  voltage  of  a  saturated  germanium  transistor  is  assumed 
to  be  -0.1  volt,  and  the  forward-biased  base-emitter  junction  is  assumed 
to  be  -0.3  volt.  The  forward  drop  across  the  silicon  diodes  is  assumed  co 
be  *K).6  volti  whereas  the  forward  drop  across  the  germanium  diodes  is  assumed 
to  be  40.3  volt.  Using  these  values  of  voltages  across  "on”  and/or  "satu* 
rated”  diodes  and  transistors  as  a  starting  point,  one  proceeds  through  the 
circuit  employing  Kirchoff's  and  Ohm's  Laws  to  find  the  approximate  magni¬ 
tudes  of  all  circuit  currents  and  voltages. 


If  we  consider  the  flip-flop  consisting  of  Q^,  Q^,  and 
associated  circuitry  to  be  in  the  "reset"  condition  with  "on"  and  satu¬ 
rated  (assuming  positive  potential  logic) ,  we  know  that  the  base  potential 


of  Qg  should  be  -0.3  volt  and  its  collector  potential  should  be  -0.1  volt. 
Under  this  reset  condition,  will  be  "cut  off"  and  the  buffer  output 
stages  and  will  be  in  the  "cutoff"  and  "on"  states,  respectively. 


Continuing,  with  only  V__^ 

oLo 


^  -0.3  volt  and 


5=-0.l  volt  assumed  known. 


the  currents  and.  voltages  throughout  the  remainder  of  the  circuit  are  found 


by  Kirchoff's  and  Ohm's  Laws  as  follows: 
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12.06  ma 


Thus,  we  have  found  the  nominal  voltage  and  current  values 
expected  in  the  circuit  by  assuming  only  the  base  and  collector  voltages 
of  the  saturated  transistors  and  the  diode  drops  across  the  forward-biased 
diodes.  The  terminal  voltages  and  the  state  of  the  various  transistors 
are: 


Assuming  that  the  breakpoint  voltages  of  silicon  diodes 
occur  at  0.6  volt  and  zero  current,  the  base-emitter  breakpoint  of  the 
germanium  transistors  occurs  at  -0.3  volt  and  zero  current,  and  the  break¬ 
point  of  germanium  diodes  occurs  at  +0.3  volt  and  zero  current,  we  may 
analyze  the  circuit  for  possible  threshold  triggering  levels.  Although 
these  trigger  levels  are  essentially  dc  levels,  they  will  apply  to  this 
circuit  for  pulses  of  duration  which  are  long  compared  to  the  propagation 
delay  of  the  circuit. 

For  triggering  of  the  flip-flop  to  occur,  a  signal  must 
appear  on  the  IF-01  terminal  which  will  carry  the  base  of  from  +0,3  V 

to  -0,3  V  or  a  total  change  at  the  input  of  -0.9  volt  (if  begins  at 

zero,  it  must  go  negative  to  -0,6  V  in  order  to  carry  Vr,.  to  zero;  and 
then,  it  must  go  to  -0,9  V  to  carry  to  -0.3  V;  therefore,  AE^  =  -0.9 
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volt.  This  indicates  that  the  minimun  threshold  voltage  to  trigger  or  to 
"upset"  is  -0.9  volt). 

In  order  for  the  circuit  to  switch  with  a  transient  input 
on  IF-Ol  which  equals  or  exceeds  the  threshold  of  -0.9  V,  the  pulse  dura¬ 
tion  (T^)  must  exceed  a  given  minimum  value  which  is  determireri  by  the  cir¬ 
cuit's  pulse  response.  In  other  words,  the  input  must  trigger  "on" 
sufficiently  long  for  to  come  out  of  saturation  and  propagate  a  feedback 
signal  through  D^,  which  will  ensure  that  will  remain  in  the  conducting 
state  when  the  pulse  terminates.  An  estimate  of  this  minimum  pulse 
duration  can  be  made  by  utilizing  transistor  specification  sheet  data  and 
circuit  parameters  given  on  the  circuit  diagram. 

An  additional  condition  must  be  satisfied,  of  course,  if 
switching  is  to  be  possible  at  all;  that  is,  the  "loop-gain,"  when  both 
Qj  and  are  active,  must  exceed  "unity."  The  greater-than-unity  loop 
gain  requirements  are  always  necessary  for  the  trigger  circuit  to  function 
and  they  must  be  satisfied  in  the  initial  design;  however,  it  is  appropriate 
to  consider  the  minimal  transistor  parameters  which  can  be  tolerated  before 
the  circuit  becomes  completely  inoperative.  For  the  circuit  under  considera¬ 
tion,  these  minimum  transistor  parameters  are  determined  by  writing  the  "loop 
gain"  of  the  circuit  as  follows. 

Refer  to  the  equivalent  circuit  shown  in  Figure  II-7.  The 

identity  of  transistors  and  are  retained;  however,  it  is  assumed  that 

both  and  are  forward  biased  during  the  switching  transient  and  they 

have  been  replaced  by  r,c»  the  forward  resistance  of  D_,  and  r,,,  the  for- 

QJ  b  do 

ward  resistance  of  D^.  Capacitors  a:'d  C2  are  shown  on  Che  equivalent 
circuit  diagram;  however,  they  are  considered  as  signal  short  circuits 
during  the  switching  transient. 

! 

J 


The  DPI  technique  for  determining  "loop  gain"  is  to  break 

the  loop  at  the  collector  of  Q_  and  insert  independent  current  generator 

^  * 

"  ^5  ■■  node  and  common  ground.  The  loop  can  be 
broken  at  other  locations,  but  the  circuit  break  must  be  properly  terminated 
in  both  directions;  breaking  the  loop  at  a  transistor's  collector  terminal 
alleviates  the  necessity  of  terminations.  The  "loop  gain"  of  the  circuit 
shown  in  Figure  II-7,  written  out  by  inspection  using  DPI  techniques,  is 


In  effect,  this  technique  represents  the  replacement  of  the  single  3-  I„- 
current  generator  with  a  aeries  combination  of  two  identical  current^ 
generators  whose  magnitudes  are  given  as  65  135  and  I^,  respectively.  The 
newly  created  node  between  the  two  current  generators  is  then  grounded,  but 
since  65  I35  must  identically  equal  1,^,  this  new  node  can  be  connected  to 
any  arbitrary  point  (the  current  into  the  new  node  exactly  equals  the  current 
out  of  the  node).  With  the  new  node  at  ground,  Ij^  is  assumed  independent 
initially  and  the  value  of  the  6^  Ig^  generator  is  calculated  as  a  function 
of  Ijj  and  all  other  input  signals.  The  dependent  63  Ig3  generator  is  then 
set  Identically  equal  to  I^,  thus  reestablishing  the  feedback  loop.  Loop 
gain  is  defined  as  [63  I33  »  f{Ijj)]  4  Ij^  before  feedback  is  reestablished. 


11-31 


The  loop  gein  expression  Implies  ChaC 


if  loop  is  to  exceed  unity. 

After  the  quiescent  dc  potentials  have  been  computed  and  the 
normal  trigger  levels  determined  (AE^  *  “0.9  V  as  shovm  above),  it  is 
advisable  to  make  a  table  of  all  possible  single  input  transient  conditions 
and  to  determine  how  these  transients  affect  the  circuit  operation.  Inputs 
IF-01,  F-01,  and  the  -10  volt  buss  of  the  circuit  shown  in  Figure  II-6  were 
chosen  for  studying  "upset."  The  various  cases  to  be  considered  are  sys¬ 
tematically  listed  in  Table  II-2.  Note  that  each  case  is  assigned  a  number 
and  that  both  positive  and  n'^gatlve  transient  input  signals  are  considered 
for  each  possible  state  of  the  flip-flop.  Although  some  of  the  cases  may 
represent  trivial  conditions,  they  should  each  be  systematically  ir.vestl* 
gated  so  that  no  case  will  be  overlooked. 

Case  1  (a)  Positive  Input  IF-01  with  On 


At  approximately  e^  *  +75  volts,  diode  (FD-600)  will  break  down, 
couple  the  input  signal  into  the  base  of  Q^,  and  cause  the  circuit  to  change 
states.  Therefore,  this  is  an  "upset"  condition.  If  the  input  current 
rises  considerably,  diode  will  be  in  the  conducting  state  and  it  is 
possible  for  diode  to  forward  bias  and  pull  out  of  conduction  which 
also  represents  an  "upset"  condition  (but  would  have  already  gone  into 
the  "off"  state  when  changed  state). 


The  spec  sheets  for  the  FD-600  diode  show  that  reverse  current  is  beginning 
to  increase  rapidly  at  >+60  V;  therefore,  +75  V  is  chosen  as  the  approxl- 
mate 
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TABLE  II-2 


SUMMARY  OF  POTENTIAL  UPSET  MODES 


CASE 

PULSE 

POLARITY 

TERMINAL 

PULSE 

CIRCUIT 

STATE 

1  (a) 

+ 

IF-01 

Q5  On 

1  (b) 

- 

IF-01 

Q5  On 

2  (a) 

+ 

IF-01 

Q5  Off 

2  (b) 

- 

IF-01 

Q5  Off 

3  (a) 

+ 

F-01 

Q5  On 

3  (b) 

- 

F-01 

Q5  On 

4  <a) 

+ 

F-01 

Q5  Off 

4  <b) 

- 

F-01 

Q5  Off 

5  (a) 

+ 

-10  V 

Q5  On 

5  (b) 

- 

-10  V 

Q5  On 

6  (a) 

+ 

-10  V 

Q5  Off 

6  (b) 

- 

-10  V 

Q5  Off 
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Case  1  (b)  Negative  Input  IF-01  with  On 


At  e^  ^-0.9  V,  diode  forward  biases,  but  since  is  already  "on," 
the  Input  signal  merely  causes  additional  base  current  In  and  drives 
further  into  saturation.  This  input  signal  condition  does  not  necessarily 
cause  an  "upset"  unless  is  damaged  by  excessive  base  current.  In  which 
case  upset  would  occur. 

Case  2  (a)  Positive  Input  IF-01  with  Off 


Since  is  already  "off,"  a  positive  Input  large  enough  to  break 
down  (^+75  V)  and  couple  into  the  base  of  will  not  ordinarily  upset 
the  circuit;  however,  an  Interesting  extension  of  this  case  will  take  place 
If  the  Input  signal  Is  large  enough  to  appreciably  forward  bias  diode  D^. 

If  Dy  is  sufficiently  forward  biased,  a  conduction  path  could  then  exist 
through  D^,  through  the  collector-base  diode  equivalent  of  Qg,  through 
(if  the  drop  across  Dg  were  sufficiently  large)  to  the  collector  of  Q^.,  and 
hence  to  the  base  of 

overdrive  signal  would  be  necessary  In  order  for  the  above  signal  path  to 
exist,  but  existence  of  such  a  path  would  cause  "upset"  of  the  output 
and  possibly  permanent  damage  to  and  D^. 

Case  2  (b)  Negative  Input  IF-01  with  Off 


through  resistor  Obviously,  a  rather  large 


A  negative  Input  on  IF-Cl  represents  the  typical  mode  of  operation 
for  the  circuit  when  Is  off  and  triggering  Is  desired;  therefore,  a 
negative  transient  Input  on  IF-01  cannot  be  distinguished  from  an  ordinary 
Input  signal  and  "upset"  will  occur  at  e^^  ^  .9  V  when  diode  forward 
biases  and  causes  to  change  states;  a  situation  which  represents  an 
upset  condition. 
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Case  3  (a)  Positive  Input  F-01;  On 

This  case  represents  perhapa  the  most  interesting  "upset"  condition  for 
this  circuit  because  of  the  unusual  circuit  path  established  by  the  input 
transient  signal.  When  is  on,  will  also  be  in  the  "on"  state,  and  the 
nominal  output  at  F-Ol  will  be  -0.1  volt.  A  positive  input  signal  applied 
to  F-01  (the  collector  of  Q^)  will  couple  through  the  collector-base  diode 

into  the  collector  of  Q^.  Once  the  positive  input 
signal  affects  the  collector  potential  of  Q,,  drive  current  through 

O  J 

to  the  base  of  will  be  inhibited  and  will  be  cut  off. 

The  positive  signal  appearing  at  the  collector  of  will  also  prevent 
normal  collector  current,  but  more  Important,  the  positive  collector  poten¬ 
tial  will  forward  bias  the  collector-base  diode  of  Q^,  raise  the  base  poten¬ 
tial  of  Qg  positively,  and  forward  bias  diode  Dg  in  the  base  circuit  of  Qg. 
Since  Qj  is  cut  off,  its  collector  potential  will  fall  toward  the  negative 
10-volt  supply  and  will  provide  ample  drive  through  Dg  to  the  base  node  of 
Qg  to  cause  to  saturate  under  normal  conditions;  however,  the  positive 
potential  at  the  base  of  caused  by  the  input  transient  signal  will  pre¬ 
vent  any  of  the  drive  current  through  from  affecting  the  operation  of 
Qg.  Thus,  the  application  of  the  positive  EMP  transient  to  the  F-01  ter¬ 
minal  results  in  having  no  base  current  and  being  cut  off,  ;md  having 

sufficient  drive  into  its  base  node  to  cause  saturation  if  the  base  of 
were  not  held  positive  by  the  conduction  path  through  Dg  and  the  collector- 
base  diode  of  Qg. 

As  the  positive  EMP  transient  at  the  F-01  input  returns  toward  zero, 
diode  Dg  will  first  be  allowed  to  come  out  of  conduction  (although  a  cur¬ 
rent  path  at  this  point  will  still  exist  through  the  collector-base  diode 
of  Qg  and  through  Dg) .  Then,  the  base-emitter  of  Qg  will  receive  forward 
drive  from  tha  Dg  -  branch,  but  normal  collector  current  will  not  begin 
because  the  collector  of  Qg  will  still  be  positive  due  to  the  EMP  signal. 

As  the  EMP  transient  further  approaches  zero,  the  collector  of  Q,  will  be 

o 


of  and  through  Rj^g 


allowed  to  become  negative  and  will  go  into  saturation  immediately 
since  it  has  ample  base  drive  through  Dg  to  do  so.  Since  the  collector  of 
Q.  will  go  no  more  negative  than  about  ^.1  volt,  the  saturation  value,  the 

D 

base  drlvs  to  Q^,  cannot  be  reestablished;  thus,  Qg  will  end  up  in  the 
saturated  state,  and  will  end  up  cut  off,  a  condition  representing  a 
change  of  state  for  the  flip-flop.  Thus,  an  upset  took  place  with  the 
application  of  a  positive  input  signal  to  the  F-01  terminal. 

Assuming  that  the  equivalent  circuit  which  applies  during  the  positive 
F-01  input  transient  can  be  represented  by  the  circuit  shown  in  Figure  II-8, 
we  can  predict  the  amplitude  of  input  sl^al  required  to  achieve  upset.  The 
“  10  K  branch  to  +10  volts  and  the  ■  1.5  K  branch  to  -10  vclts  have 
been  omitted  since  their  contributions  are  considered  negligible.  The  for¬ 
ward  resistance  of  the  collector-base  diode  of  is  assumed  to  be  100  ohms. 

The  threshold  value  of  which  will  cause  the  potential  at  V^g  to  be 

equal  to  -0.9  volt  (the  breakpoint  of  the  base-emitter  of  branch), 

will  cause  upset.  Using  the  equivalent  circuit  of  Figure  II-7,  the  upset 

value  of  E  calculates  to  be  +2.285  volts.  The  time  constant  of  the  clr- 
s 

cult  is  approximately  t  «  ,002  yF  (DPI)  ■  (.002  pF)  x  (98.8)  “  197,6  nsec. 
Since  dc  threshold  is  of  Interest  here,  there  is  ample  time  for  the  circuit 
to  upset. 

Case  3  (b)  Negative  Input  F-01  On 

When  is  on,  is  on  and  the  logic  level  signal  appearing  at  the 
F-01  output  is  approximately  -0.1  volt.  A  negative  transient  appearing 
on  the  collector  of  pulls  transistor  Qg  out  of  saturation  and  forward 
biases  diode  Dg  if  the  transient  amplitude  is  more  negative  than  -3.3  volts. 
Damage  to  diode  Dg  may  be  expsrlenced  if  the  transient  amplitude  and  dura¬ 
tion  exceed  the  capabilities  of  Dg.  If  the  QIP  input  signal  appearing  on 
the  collector  of  Qg  is  more  nsgative  than  -15  volts,  collector-base  break¬ 
down  of  Qg  takes  place  and  a  signal  will  be  coupled  through  R^g^nd  D^  into 
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the  base  of  but  is  already  on  and  saturated  and  this  transient  will 
not  upset  the  circuit* 

Case  4  (a)  Positive  Input  F-01  Off 


When  is  off,  is  also  off  and  the  voltage  appearing  at  the  collec¬ 
tor  of  is  -3.3  volts.  Since  the  alternate  state  of  is  represented 
by  an  output  at  F-01  of  -0.1  volt,  a  positive  input  at  F-01  represents  an 
upset  condition  as  far  as  other  circuits  which  are  fed  by  the  F-01  output 

are  concerned;  however,  if  "upset"  of  the  flip-flop  is  defined  as 

J  o 

a  transient  input  which  causes  and  to  change  state,  then  the  mere 
existence  of  a  positive  input  at  the  F-01  terminal  does  not  necessarily 
represent  an  upset  condition.  The  following  events  take  place. 

A  positive  pulse  on  F-01  will  couple  through  the  collector-base  diode 
equivalent  of  Q^,  through  and  into  the  collector  of  Q^.  At  this  point, 
transistor  will  be  cut  off;  that  is,  the  collector  voltage  of  Qg  is 
positive,  and  current  from  the  EMP  transient  will  flow  through  the  base- 
collector  diode  of  forward  biasing  diode  Dg,  thus,  the  normal  base  cur¬ 
rent  supplied  by  and  is  prevented. 


As  the  EMP  transient  falls  back  to  zero,  the  normal  base  drive  of  Q. 


will  be  reestablished  when  e 


+.6  V 


Thus,  with  the 


reestablishment  of  normal  base  drive  on  Q^,  will  go  back  into  conduc¬ 
tions  and  Qg  will 
the  cutoff  state. 


tions  and  will  again  be  denied  base  current  drive  and  thus  remain  in 


The  positive-pulse  input  causes  many  transients  throughout  the  flip- 
flop,  but  the  circuit  remains  in  ths  original  state  and  this  excitation  does 
not  causs  an  upset  condition  of  the  circuit  (see  Figure  11-9). 
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Case  4  (b)  Negative  Input  F-01  Off 

Diode  ■  ill  try  to  limit  output  at  -3,3  V,  but  it  will  not  be  able 

to  accomplish  this  with  a  10-ohm  source  impedance  on  the  EMP  input  signal, 
and  is  likely  to  fall.  When  reaches  -15  V,  will  experience 
collector-base  and  collector-emitter  reverse  breakdown. 

can  be  made  to  fall  and/or  the  signal  on  the  base  of  will  couple 
into  the  collector  of  0.  and  cause  to  come  out  of  saturation.  The  nega- 

■Q  0 

tive  signal  on  the  collector  of  will  cause  to  come  "on"  and  this  will 
cause  an  upset  condition  since  the  ilip-flop  will  have  changed  states. 

Most  likely,  will  fail  before  an  upset  condition  can  occur.  Such  a 
failure  will  render  the  circuit  inoperative  and  incapable  of  responding  to 
normal  logic  signals. 

Case  5  (a)  Positive  Input  on  -10  V  Buss  "On" 

Normally,  a  positive  input  signal  superimposed  upon  the  negative  10- 
volt  buss  could  be  used  to  toggle  the  flip-flop  if  conmutating  capaci^'ors 
were  eo^iloyed  across  the  cross-coupling  diodes  and  D^.  If  capacitors 
were  employed  across  diodes  and  D^,  each  would  have  a  different  charge 
depending  on  which  state  and  were  in.  A  positive  pulse  superimposed 
on  the  -10  V  buss  would  cause  both  transistors  to  be  cut  off,  and  as  the 
positive  pulse  terminated,  the  transistor  whose  base  is  connected  to  the 
capacitor  of  lowest  charge  would  achieve  base  drive  first  and  would  come 
"on"  and  saturate.  Since  the  transistor  "off"  before  the  pulse  is  applied 
ends  up  as  the  "on"  transistor  after  the  pulse  terminates,  the  flip-flop 
toggles  upon  the  application  of  each  positive  pulse  to  the  -10  V  buss. 

Because  circuit  symmetry  is  assumed  for  purposes  of  analysis,  there  is 
insufficient  diode  capacitance  to  behave  as  commutating  capacitors  and  a 
toggle  condition  is  not  expected  to  take  place  according  to  the  theoretical 
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analysis*  Howeveti  laboratory  measureoients  performed  on  an  actual  circuit 
did  show  that  the  circuit  would  toggle  from  one  state  to  the  other,  but  it 
would  not  toggle  back  when  the  next  pulse  was  applied*  It  appeared  that 
the  circuit  had  a  preferential  state  with  respect  to  the  application  of  a 
positive  pulse  on  the  -10  V  power  supply  line*  With  "matched"  resistors 
and  "matched"  transistors,  the  circuit  preferred  to  trigger  from  the 
"off"  to  the  "on"  state  when  Ae  =  +6  volts* 

When  was  reduced  from  820  ohms  to  730  chms,  the  preferential  mode 
Co 

switched;  that  Is,  the  circuit  preferred  to  switch  from  "on"  to  "off," 
Just  opposite  to  the  original  preferential  mode  stated  above* 

In  the  original  "matched"  component  configuration,  interchanging  the 

two  transistors  utilized  as  Qc  and  Q.  respectively,  did  not  alter  the 

0  0 

original  preferential  mode*  Therefore,  the  preferential  mode  must  be 
dependent  on  circuit  layout  and  circuit  components  other  than  transistors 
and  Qg. 

Case  5  (b)  Negative  Input  on  -10  V  Buss;  On 


Regardless  of  the  state  of  and  a  negative  pulse  superimposed 
on  the  negative  10-volt  buss  merely  represents  an  increase  in  the  supply 
voltage  value  and  the  "on"  transistor  will  remain  "on"  and  the  "off"  tran¬ 
sistor  will  rexoain  "off."  The  "on"  transistor  will  be  required  to  carry 
a  larger  collector  current,  but  it  will  also  receive  a  proportionally 
larger  base  drive  to  keep  it  on  and  saturated;  therefore,  no  upset  will 
occur* 

Case  6  (a)  Positive  Input  on  -10  V  Buss;  Off 


Exactly  the  same  argument  as  was  given  for  Case  5  (a)  above  will  apply 
here.  The  circuit  will  seek  a  preferential  state,  and  if  the  circuit's 

11-41 


preferential  state  is  opposite  to  its  initial  state,  then  an  "upset"  will 
Cake  place.  If  the  circuit's  initial  state  is  its  preferential  state, 
then  no  upset  will  occur. 

Case  6  (b)  Negative  Input  on  -10  V  Buss;  Off 

See  the  discussion  for  Case  5  (b)  since  the  same  argument  will  apply 

here. 

After  Che  above  hand  analysis  had  been  performed,  the  actual 
circuit  was  tested  in  the  laboratory,  and  the  expected  upset  conditions 
investigated  for  agreement  with  predictions.  A  comparison  of  the  predicted 
and  the  experimencal  results  is  presented  in  Table  11-3  and  Table  11-4.  It 
is  noted  in  Table  II-3  that  only  those  cases  are  presented  wherr  upset  was 
expected;  if  a  damage  condition  was  expected  to  occur  before  upset  took 
place,  the  test  was  omitted.  Also,  note  that  Case  2  (b)  appears  twice, 
once  with  direct  coupling  used  and  again  with  capacitive  coupling  used. 

In  the  capacitive  coupling  case,  the  input  to  upset  should  be  larger  than 
the  direct  coupling  case  by  an  amount  aqual  to  the  10-vclt  charge  on  the 
coupling  capacitor.  There  is  good  agreement  in  practically  every  case; 
all  the  "upset"  conditions  did  occur.  In  Case  1  (a),  the  difference  is  in 
the  breakdown  voltage  of  which  was  approximately  75  V  according  to  the 
spec  sheets,  but  was  90  to  120  volts  in  reality.  There  is  also  a  slight 
discrepancy  in  Case  3  (a).  For  some  reason,  the  actual  circuit  was  more 
sensitive  than  predicted,  but  the  computer  results  (given  elsewhere  in  this 
report)  agree  with  the  hand  analysis. 

In  Table  II-4,  it  is  saen  that  predicted  and  measured  values 
of  tarminal  voltages  were  in  good  agreement.  However,  the  breakdown  vol¬ 
tages  of  the  FD-600  diodes  were  all  greater  than  the  spec  sheets  indicated. 
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TABLE  II-4 

COMPARISON  OF  MEASURED  AND  CALCULATED 
VOLTAGES  FOR  DISCRETE  ELEMENT  FLIP-FLOP 


Terminal 

State 

Measured 

Calculated 

'^C5 

Q5  On 

Q5  Off 

-  .048V 

-  1.114V 

-  O.IV 

-  0.9V 

"b5 

Q5  On 

-  .453V 

-  0.3V 

Q5  Off 

+  .259V 

+  0.3V 

■''C6 

%  On 

-  1.117V 

-  0.9V 

Q5  Off 

-  .051V 

-  O.IV 

"b6 

Q5  On 

Qs  Off 

+  .251V 

-  .451V 

+  0.3V 

-  0.3V 

Q5  On 

Q5  Off 

-  3.350V 

-  .041V 

-  3.3V 

-  O.IV 

Q5  On 

Q5  Off 

+  .105V 

-  .425V 

+  0.0491V 

-  0.3V 

Q5  On 

Q5  Off 

-  .041V 

-  3.347V 

-  O.IV 

-  3.3V 

Q5  On 

Q5  Off 

-  .419V 

+  .102V 

-  0.3V 

+  0.0491V 

Components : 

Rgy  •  9851  ohms 

■4.4 

*  9861  ohms 

•4.5  *  154-5 

^6 

-  152.6 

Rc5  -  853.1 

lice 

-  827.2 

BV  @  3  ma 

lOV  0  10  Ma 

-  96V 

<»4 

0  -  69.4 

Da  -  105V 

% 

B  -  68.9 

Dj  »  99V 

B  -  68.9 

Dg  -  104V 

B  ■  66.3 
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b.  Computer  Aided  Analysis 


The  discrete  component  flip-flop  studied  In  the  previous  section 
using  hand  analysis  techniques  and  presented  as  Problem  2  was  ust^d  to 
Illustrate  the  applicability  of  various  circuit  analysis  computer  codes  to 
the  dc  upset  threshold  prediction  problem.  The  schematic  diagram  of  this 
circuit  with  nodes  Identified  for  formatting  Is  shown  In  Figure  II-IO. 

While  many  computer  codes  capable  of  solving  dc  upset  threshold 
problems  are  available,  only  CIRCUS-2,  NET-2,  and  SCEPTRE  (References  8, 

9,  and  10)  were  used  for  purposes  of  demonstration.  In  each  case,  the 
latest  edition  of  the  code  user's  manual  was  used  to  format  flip-flop 
circuit. 


For  any  given  circuit  upset  problem,  the  following  problems 
relating  to  the  use  of  computer  codes  must  be  considered. 

(1)  The  applicability  of  active  device  models  to  the  problem 
being  addressed. 

(2)  The  extent  of  the  device  library  associated  with  the  code 
selected  or  available. 

(3)  Special  considerations  that  require  attention  during  the 
formatting  procedure. 

As  stated  In  Appendix  A,  most  circuit  analysis  codes  use  either 
some  modification  of  the  Ebers-MoU  Model  or  a  charge  control  equivalent. 
For  dc  or  low  frequency  (<  20  MHz)  transient  circuit  upset  probless,  the 
models  generally  available  are  adequate.  The  problem  most  frequently 
encountered  Is  thst  of  a  limited  device  library.  If  a  given  device  Is  not 
available  In  the  library*  one  oust  select  a  suitable  equivalent, 
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determine  required  device  parameters,  or  obtain  device  data  from  another 
library  and  modify  the  available  parameters.  Of  the  three  codes  used, 

SCEPTRE  was  found  to  have  the  most  complete  and  accurate  device  library. 

The  special  considerations  referred  to  by  Item  (3)  above  Include 
Such  problems  as  deriving  realistic  Initial  conditions  and  modifying  schematic 
values  to  recreate  circuit  asymmetry  such  as  exists  In  flip-flops.  The 
evaluation  of  these  factors  requires  some  degree  of  hand  analysis  in  order 
to  prepare  a  computer  input. 

Computer  runs  were  made  for  each  of  the  cases  where  up-e«:  was  pre¬ 
dicted  by  hand  analysis.  A  1  psec  pulse  duration  was  used  in  all  cases. 

For  the  Initial  run,  the  input  voltage  pulse  amplitude  was  set  to  a  level 
below  the  predicted  dc  upset  level  and  then  Increased  with  each  succeeding 
run  until  upset  occurred.  The  initial  state  of  the  flip-flop  was  set  in 
one  of  two  ways.  For  the  SCEPTRE  and  NET-2  programs,  a  current  generator 
delivered  a  short  current  pulse  to  one  of  the  Inputs  prior  to  the  start  of 
the  upset  pulse.  There  was  a  delay  of  300  nsec  between  the  current  pulse 
and  the  upset  pulse  to  allow  the  circuit  time  to  stabilize  before  the  upset 
pulse  was  applied.  The  initial  conditions  for  the  CIRCUS-2  runs  were 
calculated  by  the  program  after  initial  estimates  were  given.  Table  II-5 
shows  a  comparison  of  the  various  upset  cases  for  experimentally  determined 
values,  hand  analysis  predictions,  SCEPTRE,  NET-2,  and  CIRCUS-2  predictions. 

The  differences  seen  in  Case  1  (a)  are  due  to  the  different  assumed 
values  for  the  breakdown  voltage  of  diode  0^«  The  differences  seen  in 
Case  3  (a)  are  due  to  differences  in  the  model  parameters  of  the  transistors 
and  diodes.  In  Case  3  (a),  the  flip-flop  was  not  in  its  preferred  state  and 
therefore  an  upset  was  measured.  This  Is  one  of  the  cases  where  the 
computer  analyses,  because  of  the  symmetry  of  the  circuit,  cannot  predict 
the  upset  unless  a  preferred  state  is  programmed. 

As  an  Illustration  of  the  effect  that  the  semiconductor  model  will 
have  in  predicting  upset,  the  discrete  flip-flop  circuit  was  analyzed  using  a  50 
nsec  pulse.  For  this  shorter  pulse  width,  the  upset  tl.eshold  predicted  by  the 
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three  different  analysis  programs  agree  as  well  as  with  the  longer 
(1  ps)  pulse.  These  differences  can  be  seen  In  Figure  11-11  which  shows 
the  Input  voltage  (IF-01)  required  to  upset  the  flip-flop  for  the  three 
analysis  programs.  The  primary  difference  in  the  results  is  probably  due 
to  differences  in  the  device  capacitance  values  used  in  the  different 
codes.  As  pointed  out  previously,  conservative  results  are  obtained  using 
dc  upset  threshold  in  conjunction  with  a  high  frequency  approximation 
such  as  the  one  derived  earlier  in  this  section.  Using  the  expression 

”■  ■  (^) 

with  the  known  values  of  V.  °  0.9V  and  t  .  »  200  ns,  the  upset  threshold 

dc  pd  ' 

for  a  50  ns  pulse  is 


*1.8  volts 


This  value  is  in  the  range  predicted  by  the  computer  analysis  and  is  an 
acceptable  approximation. 
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SECTION  III 


DAMAGE  THRESHOLD  ANALYSIS 

1.  GENERAL 

Component  burnout  or  permanent  damage  has  been  previously  defined 
as  the  irreversible  degradation  of  a  component's  characteristics  due  to 
an  EMP  induced  transient.  Damage  threshold  analysis  refers  to  the  cir¬ 
cuit  level  analysis  performed  to  determine  the  magnitude  of  the  smallest 
signal,  of  a  specified  time  history,  that  will  cause  the  pulse  power  burn¬ 
out  of  the  most  susceptible  component  associated  with  a  given  circuit 
port.  This  component  damage  level  is  a  function  of  frequency,  therefore 
the  pulse  power  necessary  to  cause  permanent  damage  must  be  computed  for 
all  frequencies  of  interest.  Figure  III-l  illustrates  a  hypothetical 
damage  tnreshold  assessment  problem.  Figure  Ill-la  is  a  simplified 
schematic  of  an  interface  circuit  selected  using  a  circuit  screening 
procedure  as  described  in  Section  I.  The  damage  characteristics  of  each 
component  are  shown  in  Figure  Ill-lb.  The  actual  damage  threshold  ^urve 
for  active  devices  is  dependent  on  transient  polarity;  therefore,  Figure 
Ill-lb  would  apply  only  to  one  input  polarity.  To  determine  circuit 
vulnerability,  the  analyst  computes  actual  device  power  dissipation  for 
the  given  EMP  specification  and  compares  the  actual  level  with  the  rated 
damage  level. 

It  is  obvious  from  the  above  statements  that  the  performance  of  a 
thorough  damage  threshold  analysis  requires  a  data  base  that  permits  the 
complete  characterization  of  the  pulse  power  response  of  all  generic 
component  types.  Since  component  exposure  to  high  amplitude,  short 
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(a)  Interface  Circuit  Schematic 


Damage 

Power 


duration,  EMP  induced  transients  often  results  in  a  nonlinear  response  not 
defined  by  existing  device  models,  each  generic  component  class  (resistors 
capacitors,  junction  semiconductors,  etc.)  must  be  studied  sepsrately  in 
order  to  develop  models  and,  subsequently,  a  complete  data  base  for  damage 
threshold  analysis. 

Based  on  device  population  in  modern  aeronautical  systems  and  on 
limited  experimental  work  by  several  investigators  (References  1  through 
7) ,  most  damage  threshold  analyses  assume  that  the  semiconductor  junction 
is  particularly  susceptible  to  damage  for  the  frequencies  or  pulse  widths 
of  interest.  Based  on  this  assumption,  most  component  level  transient 
response  studies  have  centered  around  semiconductor  junction  devices. 

Since  the  available  pulse  power  response  data  base  is  limited  primarily 
to  transistors  and  diodes,  the  analyses  presented  in  this  handbook  will 
emphasize  the  calculation  of  damage  thresholds  determined  by  semiconductor 
device  types.  Cases  where  other  device  types  could  determine  the  damage 
threshold  of  a  given  circuit  port  will  be  pointed  out  when  encountered  in 
sample  problems. 

A  number  of  investigators  are  currently  performing  pulse  testing 
programs  to  study  the  damage  levels  and  mechanisms  for  integrated  circuits 
and  resistors.  Ultimately  the  data  obtained  from  these  programs,  along 
with  data  obtained  from  previous  similar  programs,  will  be  stored  in  the 
data  storage/retrieval  con^uter  code,  SUPERSAF  (Reference  8). 

Once  a  circuit  has  been  selected  for  s  detailed  damage  threshold 
anslysis  (by  a  screen  as  discussed  in  Section  I),  the  computation  of 
damage  thresholds  will  proceed  as  follows: 
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(1)  Select  evaluation  method 

(a)  Hand  analysis 

(b)  Computer  analysis 

(c)  Experimental  assessment 

(2)  Obtain  circuit  data  (i*e*,  component  values, 

active  device  parameters,  operating  levels, 

etc.) 

(3)  Examine  each  circuit  node  for  possible  interest 

(A)  Perform  threshold  analysis  for  each  interface 

port 

(a)  Simplify  the  circuit  using  network 
analysis  techniques. 

(b)  Select  or  compute  damage  power  as 
a  function  of  frequency  [P(£)]  for 
each  conqtonent  in  the  simplified 
circuit. 

(c)  Compute  circuit  port  V-I  required  to 
generate  the  lowest  P(f)  determined 
in  (b), 

(d)  Compare  component  dissipations  due  to 
input  (c)  with  each  damage  level  to 
verify  that  the  lowest  P(f)  selected 
is  the  worst  case. 

(e)  If  the  lowest  component  P(f)  is  not 
the  worst  case,  recompute  circuit  port 
V*I  for  the  moat  susceptible  component. 
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(f)  Evaluate  circuit  layout  and  packaging  for 
possible  arcing  modes. 

(g)  If  circuit  vulnerability  is  to  be  assessed, 
determine  the  applicable  driving  function  and 
source  impedance  (Section  IV).  Vulnerability  is 
determined  by  comparing  the  actual  driving 
function  to  the  results  of  (e) . 

(h)  Enter  data  into  susceptibility  matrix  or 
computer  data  base. 

For  the  purposes  of  this  handbook,  it  is  assumed  that  only  interface 
circuit  ports  need  be  considered.  This  assumption  is  generally  true  for 
the  damage  case  due  to  tne  low  probability  of  delivering  large  powers  by 
other  than  direct  coupling.  Nevertheless,  tlie  circuit  layout  and  package 
ing  should  be  studied  for  possible  arcing  modes. 

The  circuit  element  having  the  lowest  damage  t)ireshold  [P(f)]  at  a 

given  frequency  does  not  necessarily  determine  the  lowest  "circuit" 

damage  threshold.  As  indicated  by  the  inclusion  of  threshold  analysis 

steps  4(d)  and  4(e),  the  computation  of  worst  case  (lowest)  circuit  port 

V~I  may  be  an  iterative  process.  The  number  of  iterations  will  depend 

on  the  circuit  configuration  and  lienee  power  distribution.  For  example, 

2 

in  FK'ure  III-l,  the  power  dissipation  in  resistor  R  (I  R)  may  exceed 
that  component’s  damage  rating  at  a  current,  I,  less  than  that  required  to 
fail  diode  Dl,  even  though  the  damage  threshold  for  D1  is  less  than  that 
for  R.  Hence  in  this  case  the  resistor  may  be  the  most  susceptible  circuit 
element.  Such  a  case  is  encountered  in  example  problem  2  in  Section  5. a. 

This  procedure  assumes  a  complete  component  damage  threshold  data 
base  so  that  all  components  can  be  given  consideration,  in  actuality  the 
existing  data  base  is  limited  to  junction  semiconductor  devices  and  con¬ 
temporary  diimage  tiireshold  analyses  assimie  that  tliese  components 
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determine  circuit  susceptibility  levels.  As  pointed  out,  this  assumption 
will  not  be  accurate  in  some  cases  and  the  analyst  should  utilize  the 
generalized  procedure  in  conjunction  with  the  data  base  available  at  the 
time  the  analysis  is  performed. 

As  in  the  case  of  transient  circuit  upset,  any  circuit  node  exposed 
to  an  EMP  induced  transient  must  be  analyzed  to  determine  its  damage 
threshold  level.  In  the  general  case,  a  circuit  selected  for  analysis 
will  contain  several  exposed  ports  and  each  must  be  analyzed  separately 
and  in  combination  with  other  ports  to  completely  characterize  the  cir¬ 
cuit's  EMP  damage  susceptibility. 

Assuming  that  a  particular  device  has  been  identified  as  the  most 
susceptible  element  associated  with  a  given  circuit  node,  Figure  III-2 
illustrates  a  two  port  excitation  case.  The  effect  of  each  transient 
source  on  the  device  may  be  represented  by  a  transfer  impedance  designated 
by  Z^,  which  is  the  ratio  of  the  change  of  signal  voltage  of  the  source  to 
the  change  of  device  current.  The  pulse  power  dissipated  in  the  device  is 
a  function  of  both  EMP  signal  sources,  their  transfer  impedances,  and  the 
phase  relationship  of  the  pulses. 

Unless  definite  amplitude  and  phasing  characteristics  for  the  signal 
sources  can  be  determined,  there  will  be  an  infinite  number  of  combinations 
of  phases  and/or  amplitudes  which  can  cause  the  device  to  fail.  This  may 
occur  even  if  one  of  the  parameters  (amplitude,  for  instance)  is  variable 
while  the  other  (phase)  is  kept  fixed.  For  this  case,  the  voltage  thresh¬ 
old  at  the  circuit  necessary  to  fail  the  device  may  be  represented 
graphically  in  a  manner  similar  to  Figure  III-2b.  Any  point  on  the  graph 
would  define  a  combination  of  defined  phase  signal  sources  required  to 
fail  the  device. 

If  a  relationship  for  both  the  phase  and  amplitude  of  the  two  EMP 
sources  can  be  defined,  then  one  combination  of  EMP  source  voltages  will 
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(a)  Equivalent  Circuit  of  a 
TWO  Port  Excitation  Case 


(b)  Circuit  Failure  Threaholda  for 
Two  Port  Case 


Figure  III-2.  Two  Port  Excitation  Example 


defile  the  circuit  failure  thresholds.  It  can  be  seen  from  the  above  dis¬ 
cussion  that  the  analysis  of  multiport  ElIP  damage  for  a  case  where  the 
exact  sources  are  not  known^  is  a  complicated  process.  For  the  case  where 
every  EMP  source  is  completely  specified  and  invariant,  a  definite  multi¬ 
port  failure  level  may  be  determined  for  the  circuit.  However,  it  may  still 
be  desirable  to  generate  a  curve  such  as  Figure  III-2b  to  determine  the 
margin  of  safety  or  overkill  for  the  circuit.  Fortunately,  in  most  cases, 
one  of  the  transfer  impedances  will  dominate  (i.e.,  be  significantly  smaller 
than  the  rest).  For  this  case,  the  multiport  nature  of  the  circuit  excita¬ 
tion  may  be  ignored  and  the  analysis  may  be  conducted  considering  only  the 
EMP  source  acting  through  this  dominant  impedance.  The  determination  of  the 
relative  magnitudes  of  the  transfer  impedance  may  be  made  by  inspection  for 
simple  circuits.  For  more  complicated  circuits,  circuit  analysis  techniques 
such  as  the  Driving  Point  Impedance  (DPI)  method  (Appendix  C)  may  be.  used. 

2.  RESPONSE  CONSIDERATIONS 

Damage  threshold  analyses  can  be  performed  in  one  of  three  ways: 

(1)  Given  a  specific  interface  circuit,  determine  the  component  damage 
threshold  ratings  for  all  conpcments  and  from  these  expressions, 
compute  the  smallest  inpu'  signal,  of  a  specific  waveform,  that 
will  produce  permanent  damage.  This  is  the  most  general  form  of 
solution  and  is  independent  of  driving  function  and  source  impe¬ 
dance.  Referring  to  Figure  III-3,  V„  and  1_  as  a  function  of 

f  r 

frequency  are  determined. 

(2)  Given  a  worst  case  (amplitude  and  waveform),  EMP  excitation 

determine  the  minimum  vulnerability  threshold.  In  this  case, 

component  and  circuit  damage  thresholds  are  computed  only  for 

the  actual  worst  case  driving  function  (V„)  and  source  impe- 

h 

dance  given  (Z^) .  Referring  to  Figure  II1-3,  a  worst  case 
value  for  is  defined  and  the  associated  Vj_,  is  computed  as 
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In  general  this  approach  Is  used  in  the  absence  o£  a 
verified  EKP  specification  to  estimate  the  relative 
vulnerability  of  many  circuit  ports  in  a  given  subsystem, 

(3)  Given  a  specific  EMP  specification  (based  on  either 

theoretical  or  experimental  data),  use  the  data  from  (1) 
in  conjunction  with  the  known  source  Impedance  to  deter¬ 
mine  minimum  vulnerability  threshold  and  then  compare  this 
value  with  actual  source  voltage  for  all  frequencies  of 
Interest.  In  this  case,  both  V_  and  Z  (Figure  III-3)  are 

b  S 

known  and  vulnerability  can  be  more  accurately  assessed 
than  for  (2).  Therefore 


Vg(threshold)  =  V^.  + 


V^(actual)  — Vulnerability 
Vp  (threshold) 

Cj 

The  particular  approach  used  depends  entirely  on  the  objective  of  the 
analysis  and  the  information  available.  Giving  complete  damage  character¬ 
ization  for  all  components  and  an  EHP  specification,  method  (3)  is  used. 

Since  the  example  problems  presented  later  in  this  section  are 
intended  to  illustrate  a  general  approach,  method  (2)  is  used  with  various 
resistive  source  impedances.  Large  magnitude  current  pulses  are  required 
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to  produce  permanent  damage,  hence  the  value  of  source  Impedance  is 
extremely  important  in  determining  if  circuit  damage  will  occur  for  a 
given  generator  voltage.  The  failure  threshold  of  a  circuit  for  a  single 
input  drive  is  the  lowest  input  current  (1^)  which  will  cause  a  failure 
current  to  flow  in  a  critical  circuit  component.  As  this  input  current 
must  also  flow  through  the  source  Impedance,  a  proportionally  higher  generator 
voltage  will  be  required  as  the  source  impedance  magnitude  is  Increased. 

The  source  impedance  in  a  damage  analysis  places  an  upper  limit  on  the  amount 
of  current  that  can  be  drawn  from  the  source  at  a  given  voltage*  As 
will  be  shown  later  by  sample  Problem  4,  the  value  of  source  impedance 
selected  can  possibly  determine  the  failure  mode  exhibited  by  a  given 
circuit. 

Since  the  EHP  specifications  are  often  stated  in  terms  of  a  damped 
sine  wave  and  since  most  component  failure  data  are  defined  in  terms  of 
a  rectangular  pulse,  a  relationship  between  these  two  waveforms  is  often 
required.  For  the  Junction  devices,  a  detailed  derivation  of  such  a 
relationship  is  presented  in  Appendix  fi.  Given  a  damped  sine  wave  of 
specified  frequency,  a  rectangular  pulse  producing  identical  junction 
degradation  may  be  defined  using  the  following  equation: 


1 


where 

Tp  *  duration  of  rectangular  pulse 

f  *  frequency  of  damped  sinusoid 
s 


As  shown  in  Appendix  B,  this  relationship  gives  a  good  approximation 
for  either  the  forward  or  reverse  bias  cases.  Based  on  multiple  pulse 
studies  by  Wunsch  and  others  (References  2  and  7) ,  it  is  assumed  that 
device  damage  will  occur  during  the  first  cycle  of  a  damped  sine  wave,  if 
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at  all.  Therefore,  the  lover  amplitude  cycles  are  neglected.  Waveform 
conversion  expressions  for  other  component  types  have  not  been  derived  at 
this  time. 

3.  ANALYSIS  HEXUOD  SELECTION 

The  general  discussion  of  the  relative  merits  of  hand  analysis,  com¬ 
puter  aided  analysis,  and  experimental  assessment  presented  In  the  upset 
threshold  analysis  section  also  applies  to  damage  threshold  analysis  with 
the  following  additions!  factors: 

(1)  The  limited  component  damsge  characteristic  dats  base 
necessitates  the  use  of  experimental  assessment  for  many 
circuit  cases.  At  the  present  time,  Insufficient  Infor¬ 
mation  Is  avalla>'le  to  permit  the  theoretical  determination 
of  Integrated  circuit  damsge  thresholds. 

(2)  Exposure  to  high  amplitude  transients  force  rost  component 
types  to  operate  In  abnormal  modes;  thus,  conventional  small 
and  large  signal  device  models  are  not  generally  valid. 
Special  damage  models  such  as  junction  breskdcKv'n  models  hsve 
not  been  Incorporated  In  most  available  transient  analysis 
computer  codes. 

(3)  The  use  of  simple  device  breakdown  models  In  conjunction 
with  circuit  simplification  techniques,  such  as  DPI  and 
loop  analysis,  permit  hand  analysis  to  solve  even  complex 
circuits;  thus  making  this  method  preferable. 

Figure  III-4  la  the  analysis  technique  selection  matrix  for  damage 
problems.  The  weighting  of  Individual  selection  factors  for  each  analysis 
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DISCRETE  CIRCUITS 


SELECTION 

FACTORS 


types  of 
ANALYSIS 


3 

2 

2 

3 

EXPERIMENTAL 


FI,  ire  III-4.  Damage  Threshold  Analysis  Technique  Selection  Matrix 
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technique  is  ordered  such  that  the  lowest  numerical  rating  indicates 
highest  preference.  While  each  analysis  method  has  its  advantages  and 
limitations,  hand  analysis  has  been  found  to  be  the  most  effective  overall 
approach.  Experimental  determination  of  damage  thresholds  requires  more 
sophisticated  laboratory  facilities  than  upset  analysis  because  of  the 
high  power,  high  frequency  signals  that  must  be  generated  to  produce 
device  failures.  At  the  present  time,  few  computer  codes  are  available 
that  contain  device  burnout  models.  Even  if  existing  codes  are  modified 
to  include  this  feature,  existing  burnout  models  are  not  precise  and 
hand  analysis  is  acceptably  accurate  and  generally  more  cost  effective. 
Circuits  containing  input  filters  or  a  large  population  of  reactive  com¬ 
ponents  may  best  be  solved  using  computer  techniques*  As  damage  models 
are  improved  and  required  device  libraries,  such  as  SUPERSAF,  are  developed, 
the  use  of  computer  codes  for  damage  threshold  analysis  may  become  more 
practical  and  cost  effective.  The  optimum  analysis  approach  at  the  present 
time  is  hand  analysis  supplemented  by  experimental  work  when  no  device 
model  is  available. 

A.  DATA  REQUIRED  FOR  DAMAGE  ANALYSIS 

ITie  most  important  data  required  for  a  damage  analysis  are  the 
damage  threshold  charactistics  [P(f)]  for  all  the  components  in  the  cir¬ 
cuit  under  study.  As  stated  earlier  in  this  section,  semiconductor  devices 
are  consioered  most  susceptible  to  pulse  power  burnout  and  are  generally 
assumed  to  be  the  single  most  critical  item  in  any  circuit*  Therefore, 
most  work  done  to  date  regarding  component  transient  response  has 
involved  discrete  junction  semiconductor  devices.  In  order  to  perform 
damage  threshold  analyses,  the  pulse  power  damage  characteristics  of 
a  wide  range  of  semiconductor  devices  must  be  known.  The  development  of 
models  that  will  predict  the  failure  levels  of  junction  semiconductor  devices 
and  the  generation  of  a  data  base  have  been  pursued  by  several  investi¬ 
gators  (References  1  through  7).  For  the  frequency  range,  hence  pulse 
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width  range,  or  primary  interest,  the  VKinsch  model  (Reference  1)  is  widely 
used,  this  model  relates  the  pulse  power  required  to  product  junction 
burnout  to  the  pulse  width.  This  model  has  the  form  of: 


‘’j  - 


where  is  pulse  power  required  to  produce  junction  failure,  t  is  pulse 
duration,  and  is  a  device  constant  dependent  on  such  factors  as  junction 
geometry  and  material.  This  equation  states  that  the  pulse  power  required 
to  cause  localized  melting  in  a  semiconductor  junction  is  a  function  of 
the  pulse  width  (or  frequency)  of  the  incident  signal.  This  model  was 
developed  and  experimentally  evaluated  for  the  reverse  bias  case  and  for 
pulse  widths  in  the  50  nanosecond  to  20  nanosecond  range.  Applying  the 
model, the  current  to  produce  junction  failure  (I^)  is 


I  “  — * 
j  V 


where  V__  is  the  junction  breakdown  voltage  in  the  reverse  bias  ^lirection, 
oD 

This  expression  neglects  bulk  resistance  (Rg)  heating  effects  slice  the 
basic  thermal  model  for  junction  failure  assumes  that  dissipation  in  the 
bulk  material  is  negligible.  Therefore,  the  "device"  power  (P^)  to 
produce  failure  may  be  expressed  as 


IV  =  P  +  P 
j  D  j  B 
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where 

■  Voltage  across  the  device 

P-  *  Power  dissipated  in  the  bulk  material 
o 


P 


D 


Although  device  power,  P^,  is  not  generally  equal  to  junction  power,  P^, 
this  equality  is  often  assumed  correct  to  allow  simple  experimental 
determination  of  damage  constant,  K,  using  Che  Wunsch  model 


1/2 


or 


(V.IJt 
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I>  j 


This  technique  will  be  in  error  due  to  the  inclusion  of  power  dissipated 
in  the  bulk  resistance,  but  is  sufficiently  accurate  for  the  determination 
of  relative  damage  characteristics  of  a  wide  range  of  semiconductor  device 
types.  Since 


>  P. 
D  j 
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a  more  conservative  (lower)  K  would  be  determined  using  the  relationship 


V 
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or 


K-  and  have  been  assumed  equal  aud  have  therefore  been  used  Inter- 
changeably.  For  the  purpose  of  this  handbook  the  bulk  resistance  heating 
Is  assumed  Independent  of  junction  heating  and  the  basic  Wunsch  equation 
will  be  used  to  determine  the  current  required  to  fall  a  given  junction. 
Bulk  resistance  will  be  treated  as  in  Independent  element  which  must  be 
known  to  assess  the  total  circuit  Input  power  required  to  cause  failure. 

While  the  daniaiit  constant,  K  ,  can  be  obtained  experimentally  by 
pulse  testing,  a  theoretical  method  for  the  computation  of  K  using  man¬ 
ufacturer's  specifications  has  also  been  developed  (Reference  4)  and  is 
a  less  costly  although  less  accurate  technique.  The  following  two  general 
approaches  have  been  formulated  to  determine  K: 

(1)  Junction  Capacitance/ Breakdown  Voltage  Method. 

(2)  Thermal  Resistance  Method, 

Figure  III-5  is  a  suniinary  ot  tiie  theortticai  methods  available  for  com¬ 
puting  semiconductor  damage  constant*i.  [•iethod  (1)  above  is  more  accurate 
and  the  parameters  required  can  be  readily  measured  or  obtained  from 
manufacturer's  specifications. 
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Figures  1II-6  through  III-S  present  nomographs  for  quick  determination 
of  damage  constant  using  the  junction  capacitance/breakdovn  voltage 
method.  The  source  of  the  voltages  and  capacitances  used  in  this  method 
have  considerable  impact  on  accuracy.  Manufacturers  usually  specify  only 
minimum  and  maximum  (C^)  values  and  the  measured  values  for  a  specific 

device  may  differ  from  the  specification  value  by  more  than  an  order  of 
magnitude.  A  listing  of  scMse  measured  and  calculated  semiconductor  device 
damage  constants  and  breakdown  voltages  is  presented  in  Appendix  D.  The 
Air  Force  Weapons  Laboratory  has  designed  a  computer  code,  SUPERSAP 
(Reference  8),  which  permits  the  retrieval  of  known  semiconductor  device 
transient  response  data.  This  code  has  recently  become  operational  and  will 
be  a  good  source  of  device  EMP  response  data. 

Semiconductor  junction  damage  studies  performed  by  Wunsch  and  others 
have  shown  that  less  power  is  required  to  produce  Junction  failure  in  the 
reverse  bias  direction  (K^^)  than  In  the  forward  bias  direction  and  that, 
for  transistors,  the  damage  constant  for  the  emitter-base  Junction  (K  . ) 
is  lower  than  that  for  the  collector-base  junction  Considering 

the  inequalities  shown  below,  plus  the  limited  testing  done  for  other  than 
the  reverse  bias  junction  case,  one  can  see  that  the  data  base  for  junction 
devices  is  incomplete.  The  question  marks  in  two  of  the  inequalities 
indicate  that  a  relationship  has  not  been  defined  at  this  time. 


R  F 


K 


e-b 


R- 


c-b 
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It  is  known  that  junction  failure  in  the  forward  bias  case  is  primarily 
caused  by  heating  in  the  bulk  material.  The  power  to  produce  junction 
failure  under  forward  bias  (P^)  conditions  has  been  theoretically  approxi¬ 
mated  as 


-1/2 

but  experimental  work  has  shown  the  t  time  dependency  of  the  basic 
Wunsch  equation  to  be  reasonably  accurate.  No  theoretical  method  is  avail¬ 
able  for  computing  the  forward  bias  damage  constant  (Kp). 


Since  available  models  neglect  device  bulk  resistance,  a  value  for 
this  parameter  should  be  included  in  the  circuit  under  study.  The  following 
discussion  will  provide  a  guideline  to  the  impact  of  this  parameter  on 
circuit  threshold  analyses. 

The  bulk  resistance  is  the  resistance  of  the  semiconducting 
between  the  ohmic  contacts  and  the  junction  of  the  semiconductor.  In  the 
normal  operating  regipns  of  a  diode  or  transistor,  the  voltage  drop 
across  the  bulk  resistance  is  small  because  of  the  low  level  currents 
involved  and  is  normally  not  considered  for  small  signal,  low  frequency 
problems.  For  currents  on  the  order  of  those  required  to  fail  a  semi¬ 
conductor  junction,  the  power  dissipated  in  the  bulk  resistance  may  be  a 
significant  part  of  the  total  power. 


The  bulk  resistance  of  a  forwaid  biased  device  is  small  (Reference  6) 
usually  on  the  order  of  0.1  to  10  ohms.  The  higher  bulk  resistances  are 
associated  with  small  area,  low  power  devices  which  have  currf;nt 

handling  capabilities  while  the  lower  bulk  r resistances  are  ass^iat^M?!’? 
the  higher  power  devices.  The  bulk  resistance  of  a  semiconductor  device 
has  been  found  to  be  larger  in  the  reverse  direction  than  in  the  forward 
direction  (Reference  6).  For  reverse  biased  devices,  the  bulk  resistance 


may  vary  from  100  oluns  to  10,000  ohms.  In  this  case,  the  lower  bulk 
resistances  are  generally  associated  wxth  low  breakdown  voltages  and  the 
higher  bulk  resistances  are  generally  associated  with  large  breakdown 
voltages.  This  can  be  seen  in  Figure  III-9  which  shows  a  plot  of  bulk 
resistance  for  the  reverse  biased  case  versus  device  breakdown  voltage  for 
a  limited  sample  of  silicon  diodes.  The  data  presented  were  taken  from  a 
general  listing  given  in  Reference  4  and  have  been  limited  to  the  reverse 
bias  case  and  levels  below  failure.  In  this  figure  one  can  see  the  trend 
to  larger  bulk  resistance  as  the  device  breakdown  voltage  increases. 

Figure  III~10  shows  a  plot  of  the  bulk  resistance  for  the  reverse  bias 
case  versus  device  current  for  the  same  group  of  devices.  The  data,  in 
general,  show  a  decrease  in  bulk  resistance  with  increasing  current.  The 
series  of  data  points  on  the  lower  part  of  the  graph  are  the  low  breakdown 
voltage  devices. 


For  a  forward  biased  junction  near  failure,  the  current  will  be  large. 

The  power  dissipated  In  the  Junction  will  be  small  compared  to  power 

dissipated  in  the  bulk  resistance  (V,  <<  The  device  power  can  be 

j  3  » 

approximated  by: 


FORWARD 

Since  for  the  forward  bias  case,  the  bulk  resistance  is  much  smaller  than 
the  source  resistance,  the  source  will  look  like  a  constant  current.  The 
power  will  then  be  directly  proportional  to  the  bulk  resistance.  To 

calculate  the  failure  current,  assuming  the  failure  power  is  known  (P,, 

-1  ^ 

Kt  ),  a  value  for  must  be  determined.  Little  information  is  available 

on  the  bulk  resistance  of  devices.  One  therefore  has  the  option  of 

measuring  the  device  of  interest  or  of  estimating  the  bulk  resistance. 

Since  the  power  is  directly  proportional  to  bulk  resistance,  any  estimate 

made  should  be  large  so  that  a  conservative  estimate  of  the  current  is 

obtained.  Examples  of  such  an  estimate  are  10  uhms  for  low  power  devices 

and  1  or  2  ohms  for  higher  power  devices. 
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For  reverse  biased  juuctios^  Che  voii.age  drop  acrt<**s  the  bulk  resistance 
nay  be  neglected  for  low  breakdown  voltage,  low  currei^t  devlcen.  In  Che 
case  of  higher  breakdown  voltage  devices  (larger'  bulk  resistance). 

Ignoring  the  bulk  reslstancf.  will  lead  to  conaervatlve  estimates  of  circuit 
failure  damage  thresholds.  For  silicon  diodes,  bulk  resistance  estlmatee 
could  be  made  by  reference  to  Figure  II1-9. 

In  general,  for  low  power,  low  breakdown  voltage  devices  pulsed  In 
the  reverse  direction,  the  bulk  resistance  can  be  Ignored  when  making 
failure  threshold  estimates.  For  high  breakdown  voltage  devices  pulsed 
In  the  reverse  direction  and  junctions  pulsed  In  the  forward  direction. 

It  Is  best  to  estimate  a  value  of  bulk  resistance  In  order  to  obtain  a 
realistic  estimate  of  failure  threshold.  The  sample  problems  presented 
later  Illustrate  the  effect  of  bulk  resistance  value  on  minimum  signal 
amplitude  required  to  produce  damage. 

As  stated  earlier,  little  Is  known  ab;»ut  the  Crauslent  damage  charac¬ 
teristics  of  nonsemiconductor  devices  or  newer  types  of  semiconductor 
devices  such  as  Integrated  circuits  and  field  effect  d(*vlcGS.  With  the 
Increased  use  of  low  power,  precision  components,  damage  threshold  analyses 
yielding  excessive  power  dissipation  In  passive  :'>mponents  should  be  examined 
carefully  to  Isolaco  critical  nonsemiceoductor  components. 

Figure  III-ll  gives  a  comparison  of  device  damage  constants  for  various 
component  types.  To  provide  a  basis  for  comparison,  the  Wunsch  model  was 
assumed  to  apply  to  all  device  types. 

While  component  level  transient  response  and  failure  mode  data  are 
most  critical  to  a  damage  threshold  analysis,  other  general  Information 
such  as  circuit  component  values  and  general  transistor  specifications  Is 
also  required. 
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Figure  IIl-ll,  Damage  Constant  Comparison 
of  Various  Component  Types 


I 
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As  in  the  case  Oi  apset  threshold  analysis,  device  models  required 
for  daaage  analyses  are  very  important  and  are  discussed  in  detail  in 
Appendix  A. 

5,  DAMAGE  ANALYSIS  EXAMPLES 

a«  Hand  i\nalysis 

The  detailed  approach  taken  to  determine  the  damage  threshold  of 
a  given  circuit  node  depends  largely  on  the  circuit  complexity  and  avail-* 
able  component  data.  The  first  step  in  any  damage  hand  analysis  is  to 
simplify  the  circuit  to  a  single  loop,  if  possible,  by  inspection,  using 
DPI  techniques,  breakpoint  analysis,  or  Kirchoff's  laws.  DPI  and  breakpoint 
analy.ses  are  discussed  In  Appendices  C  and  A,  respectively.  The  other  methods 
are  assumed  to  be  knof<m  by  the  reader.  Tlte  examples  presented  later  in  this 
section  illustrate  several  of  the  circuit  simplification  techniques  mentioned 
above . 

As  stated  earlier  In  this  handbook,  the  EMP  induced  excitation 
for  a  given  circuit  may  or  may  not  be  defined.  Even  if  a  specified  driving 
function  is  not  defined,  a  range  of  probable  excitations  can  be  defined 
such  that  a  limited  number  of  damage  threshold  solutions  can  be  made  and 
a  curve  relating  voltage  or  power  damage  level  to  pulse  widths  or  frequency 
can  be  plotted. 

To  illustrate  the  special  problems  associated  with  damage  threshold 
analysis,  the  circuit  shown  in  Figure  111-12  will  be  used  as  a  generic  example. 
The  circuit  loop  shown  was  defined  by  circuit  simplification  procedures  and 
a  Junction  is  represented  by  its  reverse  breakdown  equivalent  circuit.  Given 
a  specific  source  configuration  and  signal,  the  current  in  the  circuit  is 

j  _ ^EMP  ~ 

EMP  "  -e  Zp  +  Zc  +  R3 
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If  this  cuirent  exceeds  the  magnitude  required  for  device  failure,  for 
example,  if 


EMP  V 


-1/2 


BD 


then  the  probability  is  high  that  the  junction  will  be  damaged. 

The  above  treatment  assume;  that  Zp  is  known,  which  is  usually 
not  the  case,  and  that  no  lumped  circuit  elements  (Z^)  will  fail  before 
the  critical  junction.  If  were  a  series  resistor  (R) ,  and  if  the  actual 
pulse  power  dissipated  in  the  resistor  was  several  orders  of  magnitude 
greater  than  its  dc  power  rating,  then  potential  damage  to  this  element 
must  be  considered  (as  shown  by  Figure  111-11). 

Since  little  data  are  available  describing  bulk  resistance,  Rg 
must  be  estimated  or  t.eglected  for  most  damage  problems.  As  shown 
earlier,  Che  bulk  resistance  f’  .a  re-  -rse  biase*-*  juneci  'n  is  i  f  inction 
of  both  breakdown  voltage  and  junction  current.  In  lieu  of  a  measured  or 
estimated  value  of  R^,  worst  case,  damage  threshold  (lowest  signal  amplitude) 
will  be  obtained  by  assuming  zero  bulk  resistance  for  the  reverse  bias 
case  and  R.,  equal  to  Z  ,  maximum  power  transfer,  for  the  forward  bias  case. 

For  a  given  inauced  signal  waveform  and  amplitude,  the  value 
of  Zg  used  for  a  given  problem  can  dotennine  failure  mode  and,  therefore, 
must  be  carefully  calculated  or  postulated  for  each  problem.  Example 
Problem  4  Illustrates  the  importance  of  source  impedance  in  solving 
damage  problems. 

If  the  waveform  and  amplitude  of  the  EMP  induced  signal  are  not 
known  exactly,  a  general  graphical  relationship  between  the  damage  power 
threshold  and  the  incident  pulse  width  (x)  or  frequency  (f)  may  be  formu¬ 
lated  by  repeated  circuit  solutions.  Figure  111-13  shows  both  circuit  and 
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Figure  III-13.  Circuit  and  Junction  Damage  Level  Power  as  Function  of  Pulse  Width 


■« 

Junction  dnnage  level  power  ea  a  function  of  pulse  width  for  the  circuit 
of  sasple  Problea  1.  Care  oust  be  taken  for  pulse  widths  leaa  than  spproxi- 
aately  50  nanoseconds  since  Wunach  (Reference  1)  indicater  that  Junction 
burnout  power  varies  aa  a  function  of  t  ^  rather  than  t  for  abort  pulse 
durations*  The  curves  of  Figure  III-13  will  rive  a  conservative  estimate » 
however* 

Each  subsystem  or  circuit  anslyzed  for  damage  threshold  is  unique 
and  the  use  of  one  or  more  circuit  simplification  technique  depends  largely 
on  the  circuit  configui.«ition  encountered*  Most  damage  problems  worked  by 
hand  analysis  are  solved  using  a  combination  of  breakpoint  and  DPI  techniques* 
Once  experience  is  gained  using  these  methods*  many  circuits  can  be  aimpli~ 
fled  by  inspection  and  the  problem  reduced  to  a  few  simple  computations. 

At  the  present  tine,  the  limited  pulse  power  burnout  data  available  for 
most  component  types  represent  the  main  limitation  of  damage  threshold 
analysis  techniques.  The  following  example  problems  are  typical  of  the 
circuits  that  can  be  aolved  with  the  available  component  dnta  baae. 

(1)  Problem  i*  Remote  Controlled  Relay 

The  first  circuit  chosen  for  analyaia  ia  a  simple  remote 
controlled  relay*  The  relay  coil  has  a  diode  across  ita  terminals  that  may 
be  EKP  auaceptible*  This  circuit  ia  shown  in  Figure  III>14.  Assuming 
that  the  inductance  of  the  relay  coil  ia  large,  ita  impedance  will  be  large 
compared  to  the  diode  impedance  at  frequencies  in  the  one  megahertz  range* 
Therefore,  the  coil  impedance  will  be  neglected* 

The  failure  current  can  be  determined  by: 
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Figure  111-14.  Simple  Remote  Controlled  Relay 


For  e  IN540  diode »  the  reverse  breakdown  voltege*  le  400  volts  and 
the  daaage  constant*  K*  is  0*93  (see  Appendix  D).  Using  a  200  nsec  pulse 
to  approximate  a  1  KHz  damped  sine  wave  (see  Appendix  fi) *  the  failure 
current  for  the  diode  is 


0.93(2x10 


5.2  amperes 


For  e  resistive  source  isq)edance  of  10  ohms*  the  voltage  required  to  produce 
this  current  is  determined  from  Figure  III-14  to  be 


'^EMP  "  '^BD  ^EK?  ^EMP 


452  volts 


Therefore*  a  452-^olt*  200-'nsec  pulse* or  a  1  MHz  damped  sine  wave  having  a 
peak  amplitude  of  452  volts  will  cause  the  diode  to  fail. 

The  bulk  resistance  (R^)  of  the  XN540  diode  was  neglected 
in  the  ebov:  computation.  If  a  bulk  resistance  of  10  ohms  is  assumed, 
then  for  failure  would  be 


^'EMP  ^®EMP 

and  one  can  see  that  neglecting  bulk  resistance  gives  a  more  conservative 
(lower)  threshold  prediction.  The  difference  between 

this  case  is  relatively  small*  but  in  general*  the  daaage  threshold  voltage 
predicted  with  bulk  resistance  considered  will  be  much  hi^er  than  that 
predicted  neglecting  bulk  resistance.  This  implies  that  hardening  penalties 
may  be  minimized  if  accurate  bulk  resistance  information  were  available 
such  that  realistic  rather  than  ultraeonservative  threshold  voltages  could 
be  determined. 
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(2)  Problem  2.  Phase  Splitter  Circuit 

The  circuit  shown  In  Figure  111-15  Is  a  sliiple  phase  split¬ 
ter  amplifier  utilizing  one  2N706  transistor*  The  first  step  In  deter¬ 
mining  the  Input  required  for  damage  Is  to  simplify  the  circuit.  For  a 
frequency  of  1  MHz,  the  Impedances  of  and  are  15.9  and  3.98  mllllohms 
respectively.  Since  these  Impedsnces  are  small  compared  to  the  resistors 
In  the  circuits,  and  can  be  replaced  by  short  circuits  for  the  purpose 

oi  this  analysis.  Since  dc  powerllnes  are  generally  shunted  by  large  filter 
capacitors,  the  12-volt  power  supply  line  can  be  considered  to  be  Jt  ac 
ground  potential.  The  resultant  circuit  after  simplification  is  shown  In 
Figure  III- 16. 


The  circuit  can  be  further  simplified  by  determining  equiva¬ 
lent  resistances  for  the  base  circuit  and  for  the  collector  circuit.  The 
base-emitter  Junction  and  the  base-collector  Junction  are  also  replaced  by 
their  diode  equivalents  to  represent  the  breakdown  region.  This  simplified 
circuit  Is  sh^wn  In  Figure  III-I7.  Also  shown  In  Figure  III-17  are  the 
breakdown  voltages  and  damage  constants  for  the  2N706*  Note  that  for  the 
2N706,  a  damage  constant  for  the  collector-bsse  Junction  Is  available. 

The  circuit  Is  now  simplified  to  the  point  where  It  lends 
Itself  easily  to  hand  analysis.  The  next  step  Is  to  determine  which  device 
will  fall  and  what  .a  the  failure  mods.  The  passive  components  are  gener¬ 
ally  abls  to  withstand  higher  energies  than  transistors  for  short  duration 
pulses,  therefore,  the  transistor  Is  the  element  to  consider  for  damage. 
Failure  Is  also  assumed  to  occur  In  the  reverse  biased  direction. 

-1/2 

Using  the  Wunsch  damage  model  (P  ■  Kt  ) ,  a  calculation 
Is  made  to  see  whether  the  emitter-base  Junction  or  the  collector*-bssc 
Junction  will  fall  at  the  lower  power.  Using  a  pulse  duration  of  200  nsec. 
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Figure  III-15.  Phase  Splitter  Circuit 


i 


-  W 


-  16.77  wAtta 


"■CB  -  ''cb‘=‘^^^  ■  ^29-7  w-tts 


This  calculation  ^shovs  that  the  eaitter^baae  junction  is  tiie  nost  suscep' 
tlble.  The  current  required  to  fail  the  emitter-base  Junction  (l£g)  Is 


'EB  V. 


I-o  ■  3.35  anperea 

to 


Tha  voltage  from  the  base  to  ground  is 


''base  ■  •"'ebo  ^  'eb*^^ 


''base  ■ 


The  current  through  the  collector-base  junction  is 


^BASE  '  ®^CBO 


-3.71  amperes 


Tha  power  dissipated  in  the  collector-base  junction  is 


^CB  "  ^'^CBO  ’  ^CB 


PCB  -  93  watts 


which  is  below  its  failure  threshold  power.  The  total  current  into  the 
circuit  is 
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9.41  auperet 


^EMP 

and  the  EM*  generator  voltage,  aaatiaing  a  100  oha  resiative  source  lopedance 
is 

“  '^BASE  **■  ^EMP  ^EHP 
VemP  -  2.45  kV 

Therefore,  for  a  100  ofan  source  Inpedanca,  a  2.45  kV,  200  nsec  pulse  will 
cause  the  trsnsistor  to  fail.  Note  that  aore  than  2000  watts  will  be 
dissipated  in  and  poceutial  daaage  to  this  component  should  be  considered 

Another  method  of  computing  and  1^^  needed  for  failure 
is  to  write  the  loop  equations  for  the  loops  shown  in  Figure  III-IS. 


Figure  III-18.  Phase  Splitter  Circuit  Showing  Current  Loops 
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(loop  1)  +  *eQ1^  "  ^2^®EQ1^  ^  “  '^EMP 

(loop  2)  -Ii(Reqi)  +  I2(Repi  +  ReQ2>  ^  “  »^EBO 

(loop  3)  Ij^CRgjjp)  +  1^(0)  +  ^3^*EMP  ^  *EQ3  “  ^EMP  "  *^^080 
Solving  for  I2*  one  obtains 

V 

-  gHP 
2  ■  733 

From  Che  previous  cslailsClon,  3.35  Mps  are  required  to  fall  the  emitter* 
base  junction.  By  Inspection  of  Figure  III*l8,  the  emltter*base  current 
Is  Therefore, 

'^BMP 

^2  ■  tsT  ■  3-“  “P®''®* 

and 


Vemp  - 

This  answer,  computed  by  solving  the  simultaneous  loop  equations,  agrees 
with  the  first  method  which  was  a  "brute  force"  current  divider  approach. 

(3)  Problem  3.  Push-Full  Amplifier 

The  circuit  shown  In  Figure  III-19  Is  a  push-pull  amplifier 
%d)ere  the  output  has  been  found  to  be  the  point  exposed  to  DCP  Induced 
transleuts.  Before  proceeding  with  the  calculation  of  the  failure  currents 
and  voltages,  the  circuit  will  be  simplified. 

The  two  overload  protection  Imips  shown  In  Figure  III-19 
i:lll  have  s  transient  response  time  much  slower  than  the  200  nsec  pulse 
width  assumed  for  this  problem.  The  overload  protection  lamps  can  be 
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Figure  111-19.  Push-Pull  Amplifier  Circuit 


replaced  by  resistors  whose  value  is  approximately  the  "cold"  resistance  of 
the  laaps.  For  this  analysis^  this  value  will  be  assumed  to  be  10  ohms. 

The  power  supply  lines  can  also  be  assumed  to  be  at  ac  ground  potential* 

The  circuit  with  the  above  si^lifications  is  shown  in  Figure  III*'20* 

Since  the  EMP  ger'..ator  is  connected  to  and  one  of 

and  Rg  serve  to  limit 
the  current  through  and  due  to  a  transient  appearing  at  the  base  of 
or  Q^.  This  nay  be  further  simplified  by  obtaining  an  equivalent  resis¬ 
tance  for  the  base-emitter  circuit  of  and  Q^.  The  driving  point  impe¬ 
dance  looking  from  the  base  of  or  back  into  the  circuit  is 

DPI„  =  1  K  I!  13.3  K  +  10  K  M  (R  +10)] 

^cc  Impedance  of  or  Q2  from  collector  to  ground  and  should  be  on 

the  order  of  50  K  to  100  K  ohms.  The  DFl  will  then  be  approximately  equal 
to  1000  ohms  and  this  is  the  equivalent  base-emitter  resistance  of  or 
Q^.  The  simplified  circuit  is  shown  in  Figure  III-21.  Also  shown  in 
Figure  III-21  are  the  pertinent  device  parameters  needed  for  the  failure 
calculations. 


these  devices  is  most  likely  to  fail*  Note  that 


A  positive  EMP  transient  will  forward  bias  the  collector-bsse 
junction  of  Q^*  The  1  K  resistor  in  the  base  of  will  limit  this  current* 
Once  the  emittar-base  breakdown  voltage  of  has  been  exceeded »  a  current 
path  from  the  collector  to  the  emitter  is  established  snd  failure  can  occur 
in  the  emitter-base  junction*  The  collector-base  junction  of  could  also 
be  in  breakdown  with  its  emitter-base  junction  forward  biased;  however » 
the  failure  thresholds  for  the  forward  biased  emitter-base  junction  and  the 
revarse-biaaed  collector-base  junction  are  both  larger  than  the  reverse 
biased  emitter-base  junction*  Therefore,  for  a  positive  transient,  the 
emitter-baaa  junction  of  will  probably  fail*  For  a  negative  transient, 
failure  can  be  determined  by  interchanging  and  in  the  preceding  dis¬ 
cussion*  This  circuit  is  an  example  of  failure  occurring  at  the  same  level 
for  an  input  transient  of  either  polarity* 
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2N2222  and  2N2907.-  K, 


0 . 1  watt'sec 


EB 

BV„o  •  5  volts 

BV^gP  *  60  volts 

Figure  III-21 .  Push-Pull  Amplifier  Circuit  With 
Additional  Simplifications 
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The  current  required  to  fall  the  emltter-base  junction  of 
for  a  200  nsec  pulse  is 


Ip  *  45  amperes 


The  voltage  from  the  collector  of  to  ground  Is 

''C3  -  “'^EBO  + 

Vp  *  455  volts 

The  current  flowing  through  and  the  10  otim  resistor  from  Its  emitter  to 
ground  is 


1  * 
<54 


"C3  -  •"'CBO 


“  39.5  amperes 
^4 

The  current  through  the  1000  ohm  resistors  has  been  neglected.  The  total 
Input  current  Is 


^EMP  “ 


IgMP  “  amperes 


and,  assuming  a  10  ohm  resistive  source  impedance,  the  ^>tP  t<enerator 
voltfice  Is 
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'^EMP  "  ^EMP*W 

'^EMP  “  volts. 

Although  the  seMlcooductor  devices  exposed  to  transient 
dasage  were  found  to  be  quite  insensitive,  it  should  be  noted  thst  con¬ 
siderable  power  is  dissipated  in  the  overload  protection  leaps  and  that 
potential  d:jaage  to  these  or  other  nonseaiconductor  conponents  should  be 
considered  before  asking  a  relative  susceptibility  stateaent. 

(4)  Problen  4.  Special  Exaaple  to  Illustrate  Source  Impedance 
Effects 

This  damage  analysis  example  has  been  chosen  to  illustrate 
the  effect  of  the  source  impedance  on  the  failure  mode  of  a  simple  diode 
circuit*  The  diode  parameters  have  been  specially  chosen;  however,  they 
are  realistic  values.  The  circuit  to  be  used  snd  the  diode  psrameters 
are  shown  in  Figure  XIl-22.  The  bulk  resistance  is  given  for  the  forward 
direction  since*  for  large  currents,  most  of  the  power  will  be  dissipated 
in  the  bulk*  By  comparing  the  damage  constants  for  the  forward  e'^d  reverse 
directions,  one  can  see  that  the  device  is  harder  in  the  forward  direction, 
as  predicted  by  Wunsch  and  others* 

The  forward  and  reverse  damage  constants,  forward  bulk 
resistance  and  breakdown  voltage  were  chosen  based  on  s  review  of  limited 
exparimantal  dsts.  Bulk  resistance  in  the  reverse  bias  direction  is 
neglected  as  in  previous  cases. 

For  the  first  calculation,  assume  a  source  impedance,  ^£^1 
of  10  ohms.  The  failure  current  for  reverse  failure  using  s  200  nsec  pulse 

is 
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PARAMETERS: 


0.033  watt-sec  ' 
150  volts 
0.069  watt-sec  ^ 
2  ohms 


32.  Circuit  to  Illuatrate  Source  Iape4cnce  Effects 


111-^8 


F  V 
■^REV  BD 

I  '^0.49  anp 

^REV 

The  EHP  generator  voltage  Is 

’em?  ■  ’bD  ■  ”©0- 

’emp  = 

Tills  is  not,  however,  the  lowest  failure  voltage.  Consider  now.  the  case 
of  failure  In  the  forward  direction.  Since  In  the  forward  bias  case  most 
of  the  power  Is  dissipated  In  the  bulk  resistance,  then 

*’fWD  *  ^^FWD^  S* 

therefore, 

'fwd 

I  e  10  anperes 
^FWD 

and  the  EKP  generator  voltage  Is 

’em?  ‘  ^FJ^^  < 

•  120  volts. 

EMP 
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The  voltage  required  for  failure  la  lower  for  the  forward 
case.  In  fact,  reverse  failure  would  not  occur  since  the  voltage  for  for¬ 
ward  failure  is  less  than  the  reverse  breakdown  voltage. 

For  the  next  calculations,  assune  a  source  impedance, 
of  100  ohms.  The  failure  current  for  reverse  failure  using  a  200  nsec 
pulse  Is,  from  the  previous  calculation,  0.49  amperes  and  the  EMP  generator 
voltage  la 

'^EMP  * 

Vemp  -  199  volts. 

In  this  case,  this  Is  the  lowest  failure  voltage.  With  k.he  dlod's  In  the 
forward  direction,  the  current  through  It  for  199  volts  EMP  generator 
voltage  Is 

^EMP 

™  "  V«EMP 

^FWD  *  amperes 

which  Is  well  below  Its  failure  threshold  of  10  amperes. 

The  preceding  example  Illustrates  that  the  source  impedance 
can  have  an  effect  on  the  failure  level  and  failure  mode  of  a  device.  It 
also  Indicates  that  the  device  with  the  smallest  damage  constant  will  not 
always  be  the  fl.st  to  fall. 

(5)  Problem  5.  Amplifier  Circuit 

The  amplifier  circuit  shown  In  Figure  111-23  was  analyzed 
to  Illustrate  a  general  circuit  simplification  procedure  Incorporating 
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(b)  Equivalent  Circuit  for  (c) 

Negative  QfP 


Simplified  Equivalent 
Circuit  for  Negative  ! 


Figure  III-23«  Simplification  of  Amplifier  Circuit 


several  techniques.  A  negative  EMP  signal  Is  used  In  conjunction  vlth  a 
10  oiM  resistive  source  lapedance.  The  equivalent  circuit  In  Figure 
111-23 (b)  has  been  modified  as  follows: 

(1)  Neglect  R  since  R  »  Z. 

c  c  K 

(2)  Replace  Rj^  -  R^  voltage  divider  by  Its  Thevenln 
equivalent  circuit 

(3)  Replace  the  base  emitter  junction  with  Its 
reverse  breakdown  equivalent  circuit.  A  bulk 
resistance  of  10  ohms  Is  assumed. 

A  simplified  equivalent  circuit,  shown  in  Figure  IIl-23(c), 
will  be  used  for  cooparlson  vlth  the  circuit  shown  In  Figure  III-23(b). 

There  are  two  energy-storage  elements;  however,  since  ■ 
3K  ohms  Is  large  compared  to  R^  «  10  ohms  and 
approximate  the  circuit  as  shown  in  Figure  III-23(c)  for  purposes  of 
computing  the  circuit's  time  constant.  The  time  constant  Is 

C  C 

B  E 

where  the  equivalent  capacitance  Is  represented  by  the  series  combination 

of  Co  and  C-.  If  the  IMP  transient  has  a  duration  of  200  nsec,  then  the 
o  c 

capacitor  voltages  will  not  change  appreciably  during  the  pulse.  We  are 
therefore  justified  In  considering  the  capacitors  as  equivalent  batteries 
whose  voltage  Is  equal  to  the  capacitor's  charge  prior  to  the  EMP  arrival. 
We  will  subsequently  demonstrate  that  the  cap..:ltor  charges  In  this  case 
can  be  neglected  entirely. 


'Suuc  ■  ”  -®" 
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where  the  following  values  are  given  for  thla  test  transistor 


1/2 

K  -  0.1  wstt-sec  ^ 

BV-q  «  base-eBltter  reverse  breakdown  voltage 
EB 

*  11  volts 

Ij  ■  current  required  to  daaage  the  transistor  for 
a  given  pulse  width,  t. 

t  *  200  nsec. 


we  find 


Kt 


-1/2 


(0.1) 


(.2x10*^) 


-1/2 


BV, 


EB 


(11  V) 


20.3  aaps 


Using  Kirchoff’s  current  and  voltage  laws,  one  may  work 

backwards  from  the  base-emitter  junction  to  find  the  value  of  Eg  which 

will  cause  the  magnitiKie  of  X .  given  above.  Referring  to  Figure  lll-23(b) 

d 

and  considering  the  emitter  voltage  to  be  constant  at  V-.,  we  find  the 
base  voltage  as  the  sum  of  the  voltage  drops  through  the  base-emitter 
loop. 


'^B  “  “  ®^EB  ^d  Sulk 

V_-  +  5V-11V  -  (20.3)  (lOfl) 

B 

V  ■  -209.3  volts 

B 

At  the  base  node  a  small  current  is  required  by  the  base 
biasing  equivrlent  circuit.  This  current  is  found  as 
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^TH  ~  5  +  209.2789 

*TH  "  ^ 

-  .0714  aaps 

It  Is  obvious  that  can  be  neglected  In  conpariaon  to 

At  the  base  node.  It  follows  from  Klrchoff* s  current  law 


that 


Ig  ■  Id  ^TH  “ 

The  value  of  Is  therefore 

-  ''CB  ^  ’b  ■ 

Thus,  If  the  EHP  signal  <■  -418.3  volts  and  the  pulse  duration  Is  200 
nsec,  the  transistor  %rlll  be  damaged. 

Returning  to  Figure  III-23<c)  which  shows  the  approximate 
equivalent  circuit  neglecting  the  base  biasing  netirork,  we  see  that 

“  '^EQ  ■  ^'^EB  ■  ^d  Sulk  *  '^CB  ‘  ^dS 
Eg  -  -  417.6  volts 

which  differs  from  the  value  given  earlier  by  only  0.17  percent.  Thus,  ve  see 
why  It  Is  often  permissible  to  neglect  the  effect  of  base-biasing  resistors 
In  comparison  to  the  source  and  bulk  resistance  terms.  Also,  we  should 
note  that  and  the  capacitor  charges,  essentially  offset  one 
another.  Therefore,  one  might  often  neglect  Initial  capacitor  charges, 
especially  If  their  voltages  counteract  one  another  of  If  their  Initial 
charge  Is  small  compared  to  the  EMP  transient  amplitude. 

r ) 
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D 


If  the  bulk  resistance  were  neglected,  then 


=  ''eQ  -  ""eB  -  ''CB  -  'd*S 

E  =  -  214  volts 
^1 

Voltage  E-  Is  seen  to  be  ouch  nore  conservative  (lower)  than  E..  Neglect- 

bj  b 

Ing  bulk  resistance  would  therefore  overstate  the  hardening  required  for 
this  circuit. 

b.  Compute r-Alded  Analysis 

The  phase  splitter  circuit  studied  In  the  previous  section  using 
hand  analysis  techniques  and  presented  as  Problem  2  was  used  to  Illustrate 
the  applicability  of  circuit  analysis  coaputer  codes  to  the  damage  thresh¬ 
old  prediction  problem.  As  In  the  upset  case,  CIRCUS  2,  NET-2,  and 
SCEPTRE  (References  9  -  11)  were  used  for  purposes  of  demonstration. 

The  problems  relating  to  device  models  and  device  libraries  as 
discussed  relating  to  the  computer  analysis  of  transient  upset  problems 
also  apply  to  damage  threshold  problems.  The  device  model  problem  is  more 
severe  for  the  damage  case  where  semiconductor  elements  are  being  driven 
Into  areas  wtiere  they  would  normally  never  operate.  Device  models  must 
therefore  represent  the  devices  in  both  Its  normal  region  of  operation 
and  under  conditions  of  high  current  Injection  and  reverse  breakdown. 

Models  for  bipolar  transistors  and  diodes  operating  under  these  conditions 
are  discussed  In  Appendix  A  and  in  more  detail  In  References  12  and  15. 

For  the  phase  splitter  problem,  the  Ebers-Noll  or  change  control  models 
In  the  three  codes  were  modified  to  Include  breakdown  models  across  each 
device  junction.  This  approach  permits  the  use  of  'existing  device  libraries 
whereas  the  use  of  a  high  current  injection  model  requires  some  additional 
parameters. 
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Circuit  scheoatlcs  with  nodes  Identified  for  fomattlng  are  shown 
In  Figures  III-24  and  III-2S.  As  In  the  hand  analysis  case,  the  objective 
of  the  coaputer-alded  analysis  was  to  determine  the  power  dissipated  In 
sensitive  components  and  to  compare  dissipated  power  with  power  required 
for  component  burnout.  Since  daaage  threshold  problems  are  generally 
performed  with  the  circuit  In  a  static  (power  off)  mode,  no  Initial 
condition  problems  are  encountered. 

For  the  example  analyses  a  200  nanosecond  variable  amplitude 
pulse  was  applied  through  to  the  base  of  Q^.  Pulse  rise  and  fall  times 
of  10  nanoseconds  were  used.  The  power  dissipated  In  the  base-emitter  and 
collector-base  junctions  was  determined  as  a  function  of  Input  amplitude 
and  plots  of  these  relationships  were  made.  Figures  III-26  and  III-27 
show  junction  power  as  a  function  of  pulse  amplitude  for  the  three  codes 
used.  To  determine  the  circuit  damage  threshold,  the  acttial  junction 
power  must  be  compared  with  the  junction  failure  power  as  predicted  by  the 
tfunsch  model.  From  the  calculations  performed  In  the  hand  analysis  section, 
It  Is  known  that 

P  «  16.77  Watts 
e-b 

P  ,  »  129.7  Watts 
c-b 

Locating  these  points  on  the  curves  of  Figures  III-26  and  III-27  yielded 
the  data  presented  In  Table  III-l.  This  table  shows  that  the  e-b  junction 
power  will  exceed  Its  damage  threshold  st  a  lower  circuit  Input  signal 
(Vg^)  level  than  the  c-b  junction.  Therefore,  one  may  conclude  that  there 
Is  a  high  probability  that  the  e-b  junction  failure  will  result  In  perma¬ 
nent  circuit  damage. 

The  method  currently  used  In  the  computer-aided  determination  of 
circuit  Input  voltage  required  to  produce  damage  consists  of  three  steps: 
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splitter  Circuit  with  Nodes  Harked  as  Used  for  CIRCUS  2 


Figure  11J:’-26.  Emitter- Base 


Power  Versus  Input  Voltage 


«» ' 


Figure  III-27.  Collector-Base  Pover  Versus  Input  Voltage 


1.  Fornat  the  circuit  and  detaralne  device  pover  (P^) 
for  a  aeries  of  input  aaplitudea 

2.  Manually  plot  P.  versus  V 

d  EMP 

3.  U«.te  for 

The  three  codes  used  to  denonstrate  conputer-aided  damage  threshold 
analyses  have  the  capability  of  combining  steps  1  and  2  above  (i.e*»  to 
plot  P^  as  a  function  of  directly.  Some  attempts  have  been  made  to 
Incorporate  the  junction  burnout  model  into  existing  codes  (References 
14  and  15)  but  at  this  time  evaluation  of  this  approach  is  not  complete. 
Considering  the  EMP  analysis  code  development  and  device  model  development 
currently  in  progress,  coiq)uter-aided  damage  analysis  may  become  more 
practical  and  coat  effective  in  the  foreseeable  future.  The  primary 
limitation  to  damage  analyses  in  general  is  the  limited  component  burnout 
data  base. 
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SECTION  IV 


EMP  SOURCE  CONFIGURATION  ANALYSIS 


1.  GENERAL 

The  performance  of  an  EMP  Susceptibility  Threshold  Analysis  and  Sub*' 
system  Vulnerability  Assessment  requires  a  definition  of  the  EMP  driving 
function  and  related  source  iiq)edance.  If  an  EMP  specification  has  been 
derived  for  the  system  being  analyzed,  and  If  the  subsystem  cabling  con*' 
figuration  Is  defined,  the  driving  function  and  source  Impedance  associated 
with  each  susceptible  subsystem  port  may  be  coiiq>uted  using  available 
approximation  methods.  The  theoretical  or  experimental  basis  for  defining 
a  subsystem  EMP  specification  la  beyond  the  scope  of  this  handbook  and 
It  Is  assumed  that  the  circuit  analyst  Is  provided  with  either  a  ccmmon 
mode  current  or  voltage  specification  applicable  to  the  subsystem  Inter- 
faces  for  which  he  Is  responsible.  Such  a  specification  has  been  defined 
for  6-1  aircraft  mission  critical  subsystems  and  Is  described  In  Figure 
IV-1.  The  current  specified  Is  the  conmon  mode  current;  that  Is,  the 
algebraic  sum  of  the  currents  In  all  of  the  cable  conductors  except  the 
shield  or  ground  plane.  For  the  6-1,  and  most  other  aeronautical  systems, 
the  subsystem  EMP  environment  Is  dependent  on  the  subsystem  location  and 
configuration.  Figure  IV-1  actually  represents  a  worst  case  composf "e 
common  mode  current  specification  f^lch  Is  applicable  to  all  mission  critical 
subsystems.  Subsystems  that  are  connected  to  antennas  or  are  otherwise 
directly  exposed  to  a  free  field  environment  are  more  difficult  to  analyze 
alnce  the  conducted  Interference  levels  must  be  defined  before  subsystem 
vulnerability  analysis  can  conaence.  The  coupling  or  energy  capture  analysis 
performed  to  determine  conducted  energy  characteristics  Is  beyond  the  scope 
of  this  handbook  and  the  results  of  such  studies  are  assumed  to  be  avail¬ 
able  to  Impact  hardware  design  and  analysis. 

Given  a  conducted  Interfersncs  specification  and  a  specific  cable 
conflguratloii,  this  section  describes  and  Illustrates  a  number  of  approaches 
for  generating  EMP  source  configuration  models  (V  ,  Z  )  that  can  be  used 
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PERCFVr  OF  FIRST  CREST 
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(a)  Peak  Core  Current  Requirenent 

for  General  Electronic  Equipment 


(b)  Cable  Core  Current  Waveshape 

Figure  IV-1.  EMP  Interference  Test  Specifications  for 
6-1  Mission  Critical  Avionics 
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to  asaess  subsystem  vulnerability.  Since  every  subsystem  Interface  con¬ 
nector  and  associated  cable  represents  a  special  case  deserving  unique 
analytical  consideration,  the  examples  presented  are  Intended  as  typical 
problems  such  as  might  be  encountered  In  actual  systems,  not  as  general, 
universal  Illustrations. 

2.  SOURCE  CONFIGURATION  ANALYSIS 


In  the  BMP  frequency  spectrum,  the  Interface  cabling  associated  with 
a  given  subsystem  must  generally  be  considered  as  a  multiconductor  trans¬ 
mission  line.  Transmission  line  analysis  can  be  performed  using  either 
an  exact  coupled  differential  equation  approach  or  an  approximate  lumped 
element  multlsectlon  approach  which  approaches  the  exact  solution  as 
lndlvldu<ii  sections  become  Infinitesimally  short.  A  more  detailed  treat¬ 
ment  of  these  two  approaches  can  be  found  In  References  1  through  5.  Both 
of  these  methods  require  model  descriptive  data  equivalent  to  short  circuit 
impedances  and  open  circuit  admittances.  Since  the  theory  hss  been  treated 
in  detail  In  the  above  references,  only  the  advantages  and  limitations  of 
theae  methods  will  be  discussed  here. 


The  exact  multiconductor  transmission  line  method  has  the  advantage 
that  a  solution  can  be  obtained  Independent  of  cable  length.  However,  It 
Is  not  as  flexible  as  the  lumped  element  section  method  for  dealing  with 
nonuniformities.  Good  estimates  can  be  obtained  by  hand  analysis  using 
the  exact  method  on  long  one  and  two  conductor  cables  while  the  lumped 
element  approach  would  require  a  computer.  The  lumped  element  approach 
reduces  to  a  circuit  problem  and  has  the  advantage  of  schematically  repre¬ 
senting  the  Interactive  coupling  occurring  In  multxconductor  cables.  Since 
the  lumped  element  method  reduces  to  solving  a  circuit  problem,  one  of 
many  computer  codes  can  be  used  In  either  the  time  domain  or  the  frequency 
domain.  Codes  available  to  the  analyst  Include  ECAP  II,  SCEPTRE,  NET-2, 
and  CIRCUS  2  (References  6  through  9).  In  addition,  there  are  a  number 
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of  specialized  codee  idiich  have  been  specifically  developed  for 
efficiently  solving  internal  coupling  problems.  For  axas^le,  TRAFFIC 
uses  a  frequency  domain  approach  to  analyze  general  T^-eonductor  cables 
(Reference  10).  References  11  and  12  describe  other  codes  that  analyze 
dlstributlvely  excited  multiconductor  cables  using  exact  multiconductor 
transmission  line  methods  and  which  interface  directly  Into  TRAFFIC. 

Even  though  the  description  of  subsystem  Interface  cabling  is  often 
complex,  QflP  viilnerablllty  assessment  often  requires  only  worst  case 
estimates  of  signal  levels  and  It  is  acceptable  to  make  approximations  to 
simplify  the  analysis.  Several  useful  approximations  are  discussed  below 
and  a  few  will  be  pointed  out  In  the  examples  that  follow. 

The  most  frequencly  used  approximation  in  cable  analysis  Is  the  concept 
of  electrically  short  cables.  This  concept  permits  the  use  of  simplifying 
assumptions  if  the  cable  length  (1)  Is  much  less  thc.n  wavelength  (A)  of  the 
highest  frequency  of  Interest  (l.e.,  I  <  ^).  As  pointed  out  In  previous 
sections,  many  circuits  are  most  vulnerable  to  low  frequency  energy  which 
would  permit  the  application  of  the  electrically  ’short  approximations  to 
physically  long  cables.  Therefore,  the  cable  response  is  determined 
primarily  uy  the  termination  Impedances.  Given  a  subsystem  QflP  specifics' 
tlon,  this  approach  will  yield  an  estimate  of  Interface  voltages  or  currents 
using  a  relatively  unsophisticated  analysis.  Often  hand  analysis  methods 
will  be  sufficient. 

If  a  subsystem  assessment  Involves  one  critical  port,  only  two  con* 
ductors  of  the  cable  need  be  considered  in  the  analysis.  In  the  case 
where  EKP  Interface  responses  are  being  sought  from  a  critical  node  to 
a  reference,  the  conductors  in  the  cable  can  be  grouped  to  form  a  two 
conductor  plus  a  reference  transmission  line  problem.  This  model  then 
can  be  solved  using  multiconductor  transmission  line  theory.  Two  coupled 
second  order  differential  equstions  are  formed  that  can  be  transformed 
using  eigenvalue'eigenvector  techniques.  Two  uncoupled  equations  are  then 
obtained  that  can  be  solved  by  standard  ordinary  differential  equation 
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technlques  (Reference  11) .  Often  an  additional  approximation  can  be  made 
neglecting  all  conductors  in  the  cable  except  the  one  directly  connected 
to  the  critical  circuit  of  interest.  In  this  case,  the  problem  reduces 
to  a  single  conductor  plus  a  reference  which  results  in  a  single  second 
order  differential  equation  that  can  he  solved  using  ordinary  differential 
equations  (Reference  11).  Sonie  cables  display  a  high  degree  of  symmetry 
and  for  these  cases  a  large  reduction  in  analysis  effort  can  be  realized* 

In  fact,  many  specific  cases  of  this  type  require  no  more  effort  to 
solve  than  the  two  conductor  case  above  (Reference  14).  Approximations 
of  the  type  discussed  in  this  paragraph  frequently  reduce  very  large 
analysis  problems  to  problems  that  can  be  worked  with  desk  top  calculators. 

Along  with  understanding  the  cable  system  for  which  source  charac¬ 
teristics  are  desired,  one  should  know  what  form  of  interface  connector 
source  data  are  most  useful.  K  the  subsystem  being  investigated  has 
nonlinear  input  characteristics  or  the  source  cable  represents  the  drive 
for  many  different  inputs,  it  would  he  advantageous  to  use  an  equivalent 
model  of  the  cab.le  such  as  a  Thevenln  equivalent  (see  Appendix  e)* 

Although,  for  those  subsystem.s  that  have  linear  inputs  where  the  interface 
cabling  is  not  typical,  it  is  most  efficient  to  analyze  the  cable  and 
subsystem  input  circuitry  as  one  problem.  For  those  cases,  the  signal 
levels  on  the  critical  input  circuit  elements  are  determined  directly. 

The  cable  source  information  can  be  obtained  in  either  of  these  forms 
using  theoretical  techniques  or  experimental  techniques.  In  the  case  where 
the  source  characteristics  are  desired  in  terms  of  a  Thevenln  equivalent 
(or  Norton  equivalent),  it  is  possible  to  obtein  the  equivalent  from 
calculations,  from  measurements  of  the  actual  cable  (or  a  similar  one), 
or  from  references  where  a  number  of  equivalent  circuits  have  been  tabulated 
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such  as  Appendix  E.  However*  If  a  representative  equivalent  model  is 
aelected  from  a  reference  table*  care  should  be  taken  to  be  sure  the  cable 
which  was  used  to  generate  the  equivalent  model  Is  Indeed  representative 
of  the  cable  that  Is  actually  connected  to  the  subsystem  being  analyzed. 

The  following  examples  are  shown  as  an  attempt  to  demonstrate  a  few 
of  the  above  approaches  to  obtaining  source  characteristics.  There  are 
many  variations  of  the  described  techniques  and  approaches  that  can  be 
used  by  the  analyst  and  the  best  approach  would  probably  be  the  one  with 
which  ha  Is  most  familiar.  However*  all  the  system  data  that  are  available 
should  be  used  and  as  many  variables  as  feasible  should  be  Included  In 
the  analysis.  When  possible*  more  than  one  approach  should  be  taken  to 
verify  the  model  and  associated  approximations.  The  examples  here  appear 
In  a  sequence  representing  an  Increasing  sophistication  In  the  analysis 
processes. 

a.  Analysis  of  Electrically  Short*  Small  Cables 

In  this  example*  an  Interface  electronics  unit  will  be  considered 
for  assessment  to  EKF  damage.  The  Interface  specification  used  to  assess 
the  vulnerability  of  the  circuit  will  be  similar  to  the  B-l  specification 
except  It  will  specify  a  peak  voltage  Instead  of  a  peak  current.  The 
voltage  amplitude  will  be  100  volts  at  10  kHz  and  1  kV  at  1  MHz;  the 
amplitude  remains  constant  to  4  MHz  and  then  rolls  of  at  3  dB/octave. 

The  circuit  Is  Interfaced  to  an  accelerometer  drive  unit  by  a  7  meter  long 
shielded  twisted  pair  as  shown  In  Figure  lV*-2. 

Circuit  damage  threshold  Is  dependent  on  EMP  frequency  or 
equivalent  pulse  duration.  The  Wunsch  Model  (Section  111)  shows  damage  of 
semiconductor  junctions  to  be  Inversely  proportional  to  pulse  duration* 
therefore  the  shorter  pulse  duration  (higher  frequencies)  are  less  signifi¬ 
cant  in  evaluating  component  damage  than  the  longer  pulses.  Furthermore* 
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the  specification  flattens  out  at  1  MHz  and  rolls  off  at  4  MHz  which  makes 
it  reasonable  to  assume  that  frequencies  above  4  MHz  can  be  ignored. 


Using  the  propagation  velocity  of  light  for  the  propagation  of  the  EMP 
signal  on  the  cable,  the  minimum  wavelength  that  needs  to  be  considered  is 


X  . 
mxn 


c  _  3  X  10^ 
max  A  X  10 


75  meters 


The  cable  in  this  case  is  much  less  than  making  it  electri¬ 

cally  short  ( •  A  tnin/10)  and  therefore,  its  characteristics  can  be 
represented  by  a  single  lumped  element  section.  Assuming  that  the  EMP 
signal  is  induced  on  the  cable  in  series  with  the  25  ohm  source  termina¬ 
tions,  the  problem  is  Illustrated  by  the  circuit  in  Figure  lV-3. 


V 

SPEC 
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The  Lt  M,  end  C  values  in  this  circuit  represent  the  per  unit 
length  parameters  for  this  cable  times  the  length  of  the  cable.  These 
per  unit  length  parameters  can  be  estimated  by  the  standard  logarithmic 
expressions  as  presented  in  References  15  and  16  or  from  tables  and 
formulas  in  any  appropriate  engineering  handbook*  A  more  detailed 
discussion  on  evaluation  of  cable  parameters  can  be  found  in  Reference 
17.  For  this  example  the  folloving  expressions  were  used  to  estimate  the 
per  unit  length  parameters. 


^ij  - 


h-  T,  Cij 

j.i 


where  1,  j  ■  1,  2 


l^.is  the  per  meter  self  Inductance  of  the  i^^ 
meter  mutual  Inductance  between  the  1^^  and 


conductor,  is  the  per 
conductors,  D  is  the  distance 


of  the  center  of  the  i^^  conductor  from  the  reference,  r  is  the  radius  of 

the  i^^  conductor,  Ij  is  the  center  t  center  spacing  between  the  i^^  and 
th  ^ 

j  conductor,  is  the  effective  relative  dielectric  constant  between  the 


conductors  and  shield,  [K]  is  the  elastance  matrix  which  is  proportional 


to  the  inverse  of  the  [L]  matrix,  ia  the  per  n^ter  mutual  capacitance 
between  conductors  i  and  j,  and  C.  is  the  per  meter  capacitance  between 
only  the  i  “  conductor  and  the  reference. 

For  this  example  the  per  unit  length  parameters  were  calculated 
aa 


C^2  ®  pf/meter 

“  .27  uh/meter 
“*  *1  uh/meter 

r 

The  wire  radius  used  was  for  AWG  #20  gauge  wire  with  a  2.9  relative 
dielectric  conatant  Irsulatlon.  The  tranamiasion  line  loaaea  are  amall 
and  were  assumed  to  be  negligible.  Using  the  above  values  the  cable 
circuit  values  can  be  calculated  aa: 

L  «  1.9  uh 
M  **  ,7  uh 

*  380  pf 

*  225  pf 

The  voltage  across  the  500  ohm  reaiator  ia  required  for  the  damage  aasess- 
ment.  Upon  examination  of  the  circuit,  it  can  be  seen  that  the  circuit  is 
balanced  and  there  will  not  be  any  potential  developed  acroaa  C2.  Thla 
Indlcatea  the  currenta  are  equal  in  both  conductora;  therefore,  the  circuit 
equations  can  be  written  in  the  frequency  domain  aa 

(25  +  jwL  +  JuM  +  Z)  I  - 
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where  I  Is  the  current  In  thither  of  the  conductors  aritl  Z  *  5C0/(l/juCj^) . 
The  required  voltage  can  chcn  be  solved  for  as 


10^^  X  V 


spec, 


(ju)^  +  1.5  X  10^  (joj)  +  l.Oj  X  10^^ 


and  plotted  as  shown  In  Figure  IV'4. 


FREQUENCY,  MHz 

Figure  IV~4«  Subsystem  Interface  Voltage 

In  thlc  analysis  the  time  domain  response  resulting  from  the  damped  sine 
wave  common  node  voltage  excitation  will  be  sssumed  to  look  similar  to  the 
excitation  signal.  This  Is  only  true  In  theory  If  the  excitation  Is 
sinusoidal  or  If  the  frequency  response  of  the  network  over  the  frequency 
spectrum  of  the  excitation  signal  Is  flat.  In  this  case  the  damped  sine 
wave  excitation  has  a  very  low  damping  coefficient  and  therefore  the 
frequency  spectrum  of  this  excitation  contains  most  of  Its  energy  at  the 
particular  resonant  frequency  of  the  excitation.  Therefore  the  frequency 
response  data  as  It  appears  In  Figure  IV'*4  will  be  used  to  predict  the  peak 
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damped  sine  wave  response  signal  resulting  from  the  excitation  at  a 
particular  frequency  as  defined  by  the  B-1  specification  in  Figure  lV-1. 

The  assessment  can  then  be  accomplished  using  these  data  with  subsystem 
damage  threshold  Information. 

b.  Two  Wire  Analysis  of  Electrically  Short,  Large  Cables 

For  this  example,  an  automatic  control  system,  stability  augmenta¬ 
tion  unit,  is  to  be  assessed  for  EMP  lamage.  In  particular,  the  aft 
accelerometer  input  is  to  be  considered.  The  B-1  specification  applied  to 
the  accelerometer  end  of  the  cable  will  be  used  to  assess  the  subsystem. 

The  cable  considered  here  is  a  5  meter  14  conductor  bundle  mounted  along 
the  inside  structure  of  the  fuselage.  The  circuit  and  cable  are  described 
in  Figure  IV-5. 
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Figure  ^V-5.  Interface  Circuits  and  Cables 
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This  problem  will  be  approached  by  grouping  the  x3  conductors  not 
directly  connected  to  the  circuitry  of  interest  and  considering  then  as  one 
conductor.  This  effectively  reduces  the  cable  from  a  14  conductor  cable  to 
a  two  conductor  cable.  Each  termination,  source  and  load,  for  the  13 
conductor  grcup  is  computed  using  common  mode  cable  analysis  techniques 
which  define  the  equivalent  termination  to  be  the  parallel  equivalent  of  all 
the  individual  impedances  tied  together  (Reference  13).  The  cable  with 
terminations  cf»n  mow  be  shown  as  drawn  in  Figure  IV--6. 
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Figure  IV-6.  Circuit  and  Cable  Equivalent  Circuit 


Most  large  cable  bundles  will  have  at  least  one  individual  wire 

termination  that  is  a  very  low  impedance  or  a  ground.  This  means  the 

common  mode  impedance  as  defined  will  be  small  or  zero.  However,  recent 

studies  have  shown  that  there  is  a  lower  impedance  limit  for  frequencies 

above  a  few  hundred  kHz.  This  lower  limit  is  approximately  20  ohm  and  is 

due  to  the  mutual  coupling  to  other  higher  impedance  lines  (Reference  13). 

For  this  problem,  20  ohms  will  be  assumed  for  Z  and  Z,  and  these  values 

s  L 

will  be  examined  for  validity  at  the  lower  frequencies  later. 
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As  stated  previously,  the  EMP  excitation  will  be  defined  by  the 
B-1  conmon  mode  cable  current  specification  applied  at  the  source  inter¬ 
face.  The  current  is  generally  considered  to  be  Induced  on  the  cable  by 
mutually  induced  series  voltages  In  each  of  the  conductors.  For  the 
purpose  of  simplicity,  the  Induced  voltages  on  the  lnd*‘vldaal  conductors 
are  all  assumed  to  be  equal.  It  is  then  necessary  to  compute  the  value  of 
this  voltage  as  related  co  the  B-1  current.  This  voltage  can  be  estimated 
by  using  the  total  connon  mode  impedance  as  seen  by  the  B-1  common  mode 
current  on  the  cable.  Using  the  approximate  total  comoon  mode  impedance  of 
40  ohms  and  the  B-1  common  mode  current,  the  induced  voltages  sought  will 
be  estimated  as  40  times  the  B-1  current. 

To  complete  the  circuit  description  so  an  assessment  can  be  made, 
the  cable  parameters  must  be  estimated  for  the  "two  wire"  cable  model.  As 
discussed  in  example  (a),  darage  threshold  is  Inversely  proportional  to  the 
pulse  duration;  therefore,  the  high  frequency  components  of  the  pulse  will 
be  ignored  and  the  analysis  will  be  conducted  for  frequencies  below  5  Mllz. 
Using  a  maximum  frequency  of  5  MHz  and  a  signal  propagation  equal  to  the 
velocity  of  light,  the  minimum  wavelength  on  the  line  is  computed  as  60 
meters,  therefore  the  line  is  electrically  short.  The  cable  will  be 
modeled  by  one  lumped  element  section.  The  cable  and  interface  circuitry 
can  then  be  described  by  a  circuit  as  shown  in  Figure  IV-7. 


Figure  IV-7.  Circuit  Model 
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The  per  unit  parameters  must  be  computed  to  obtain  the  circuit 
values  representing  the  cable  sectl<m.  As  Indicated  In  the  previous 
example,  these  parameters  can  be  estimated  using  standard  handbook 
expreaslons.  Using  per  meter  parameters  and  s  five  meter  length  the 
following  circuit  values  were  defined* 

M  *  3*3  uh 
«  5*2  uh 

L  -  3.45  uh 
c 

Cj  =  367,5  pf 
-  75  pf 

Cj  -  6  pf 

Either  hand  analysis  of  computer  analysis  can  now  be  used  to  obtain  the 
exact  voltage,  V^,  in  terms  of  the  oth<%r  circuit  elements.  As  an  aid  to 
understanding  current  and  voltage  distributions  on  a  cable,  the  solution 
will  be  obtained  by  using  hand  analysis. 

The  impedance  represented  by  is  much  larger  than  20  ohms  for 
the  entire  frequency  range  of  interest  and  therefore  will  be  neglected. 
Also,  the  capacitance  is  veiy  small  and  its  impedance  to  ground  will 
also  be  neglected.  The  13  conductor  bimdle  represented  by  the  lower  part 
of  the  circuit  is  terminated  with  small  20  ohm  impedsnces  while  the 
conductor  of  interest  is  s  high  impedance  circuit.  For  dc  conditions, 
the  current  I2  is  approximately  50  times  the  current  1^.  Since 


the  voltage  induced  on  13  conductor  bundle  may  be  neglected.  Therefore 
the  current  I2  may  be  solved  for  Independently  and  then  used  to  solve 
for  I^.  Once  these  currents  ar^  found,  the  above  assumptions  will  be 
verified  and,  if  necesaary,  the  solution  will  be  iterated  to  improve  the 
accuracy.  Using  these  sssumptions  s  solution  can  nov'  be  obtained  using 
hand  analysis. 


IV-14 


B-l 


^  8.63  :v  lO"®  (joj)  +  1 


This  expression  shows  as  being  independent  of  and  indicates  thst  I2 

rolls  off  at  3  dB/octave  above  1.85  MHz.  Using  the  sssunptioii  ®  50 

V  can  be  written  as 
o 


V 

o 


^  ^B-l 


l00+jti3L^+1a)50Mf2 


e 


where 


Z  =  2K//(50  X  20  +  ) 

Using  the  appropriate  circuit  values,  the  above  expression  reduces  to 

.*153  (3.675x10"^  (Ju)  +  1)  40  I.  , 

V  .  - - - - — £Zi_ 

®  8.94xl0"^^(ja))^  +  4.84x10'^  (joj)  +1 

This  csn  be  plotted  ss  shown  in  Figure  IV~8. 

Current  may  be  expressed  as 

523  (1.1  X  lO'^  (jm)  +  1) 

^  8.94  X  lO"^^  (jm)^  +  4.84  x  lO'^  (jm)  +  1 

Upon  close  examination  it  was  found  that  is  approximately  50  times 
smaller  than  I2  over  the  entire  frequency  rsnge  of  interest.  Therefore, 
the  cslculsted  voltsge  will  be  assumed  accurste  and  will  be  used  for  the 
subsystem  damsge  sssessment. 
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FREQUENCY,  MHz 


Figure  IV-S.  Interface  Voltage  at  Subsystem 

For  frequencies  below  a  few  hundred  kHz  the  mutual  coupling  to 
high  Impedance  lines  will  be  minimal  and  lead  Inductance  will  produce  a 
very  small  Impedance.  Therefore  the  common  mode  Impedance  will  be  smaller 
than  the  20  ohms  assumed  earlier.  Using  a  lower  Impedance  for  low 
frequencies,  nearly  all  the  common  mode  current  will  be  traveling  down 
the  large  13  conductor  bundle  and  very  little  will  appear  on  the  conductor 
of  Interest.  This  will  tend  to  reduce  the  voltage  level  (V^)  at  low 
frequencies  and  Is  therefore  not  the  worst  case. 

This  example  demonstrated  the  two  wire  approach  on  a  cable  that 

was  electrically  short.  With  a  little  additional  effort,  longer  cables 

can  be  analyzed.  The  number  of  lumped  element  sections  required  for  a 

longer  cable  will  be  approximately  £/.lX  .  ,  where  £  Is  the  physical  cable 

min 

length  and  Is  the  smallest  wavelength  to  be  considered.  The 

additional  complexity  of  the  model  may  require  the  use  of  a  computer  aided 
technique. 
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c.  Slagle  Line  Analysis  of  a  Long»  Large,  CoBplex  Cable 


This  example  involves  the  upset  hardening  of  an  Inertial  Naviga¬ 
tion  System.  The  conmon  node  voltage  shown  in  Figure  IV-9  is  specified. 
The  cable  with  representative  source  and  load  terminations  and  the 
particular  circuitry  being  assessed  is  shown  in  Figure  IV-10. 


V 

EMP 


Figure  IV-9.  Measured  Conoon  Mode  Excitation 


The  circuit  of  interest  here  is  the  IK  ohm  source  driven  conductor 
with  the  lOK  ohm  operational  amplifier  load.  A  rigorous  approach  to  this 
problem  would  require  a  full  N  wire  model  of  the  cable  system  representing 
the  many  differentially  coupled  TEM  modes  that  actually  exist  on  the 
cable.  This  approach,  however,  would  require  the  use  of  a  computer  code 
and  large  computer.  An  approximate  approach  will  be  taken  that  will  allow 
the  solution  to  be  obtained  using  a  desk-top  calculator. 

The  approach  used  is  shown  in  Figure  IV-11  and  consists  of 
modeling  the  one  conductor  associated  with  the  critical  circuit  as  though 
coupling  to  the  rest  of  the  conductors  in  the  cable  existed  only  at  the 
terminations. 
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Circuit  ConflguratloD 


Y  =  PROPAGATION  CONSTANT 
Z  »  CHARACTERISTIC  IMPEDANCE 
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Figure  IV-11.  Single  Line  Model  for  Individual  Wire 

A  Thevenin  Equivalent  is  desired  for  this  model  from  estimated 
values  of  Yi  and  V^.  With  the  use  of  transmission  line  impedance 

expressions  and  the  approximate  induced  voltages  at  the  cable  ends,  the 
values  for  the  Thevenin  Equivalent  can  be  computed.  Since  this  analysis 
was  made  on  a  desk-top  calculator,  only  the  equations  and  the  results 
will  be  shown. 

The  first  problem  is  to  compute  the  Thevenin  impedance  for  the 
conductor  associated  with  the  critical  circuit.  If  the  wire  of  interest 
can  be  represented  by  a  single  uniform  transmission  line,  then  the 
impedance  can  be  expressed  in  terms  of  standard  transmission  line  equations. 
One  convenient  form  is 


Z,  Cosh  +  Z  Sinh  yi 
L  _ o _ _ 

^TH  *  o  Z,  Sinh  yi  +  Z  Cosh  yi 
L  '  o  ' 

where,  is  the  characteristic  impedance  of  the  line,  y  is  the  complex 
propagation  constant  of  the  line,  i  is  the  length  of  the  line,  and  is 
the  load  impedance  on  the  line.  The  length  is  chosen  to  be  equal  to  the 
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actxial  length  of  the  particular  wire  of  Interest  which  for  this  ezasple 
Is  12  aeters.  The  load  la4>edance  Is  telwn  to  be  the  actual  source  end 
Impedance  to  ground  which  for  this  case  Is  IR  ohm. 

For  shielded  cables*  all  TEM  modes  of  propagation  will  have 
nearly  the  same  propagation  properties.  Unshielded  cable  bundles*  over  a 
ground  plane*  will  have  at  least  one  mode*  for  exaBq>le  the  coomon  mode, 
that  wlli.  have  a  significantly  different  propagation  characteristic.  This 
cable  Is  unshielded  and  Is  mounted  along  the  Inside  of  the  fuselage 
approximately  two  Inches  above  the  structure  and*  therefore*  demonstrates 
a  common  mode  propagation  property  quite  different  from  that  of  the 
differential  modes.  However*  for  this  single  line  mode*  the  constants 
and  Y  will  be  chosen  based  on  differential  mode  propagation  properties. 
Differential  mode  properties  are  applicable  because  one  or  more  wires  will 
be  grounded  or  have  a  low  Impedance  to  ground  at  both  ends  of  the  cable. 
The  cable  Impedance  will  therefore  be  high  between  the  ground  wire  and  the 
other  wires  In  the  cable.  Thus*  It  Is  conjectured  that  the  differential 
mode  determines  the  propagation  properties.  The  velocity  of  propagation 
Is  thus  related  to  the  free  space  velocity  of  light  by  the  effective 
relative  dielectric  constant  of  the  Insulation  around  the  wires.  Assuming 
the  Individual  wire  propagation  losses  to  be  negligible  the  propagation 
constant  can  be  written  as 


_ _ 

J  ”300  ’^d 

where  f„  Is  frequency  In  MHz  and  e.  Is  the  dielectric  constant  (assumed 
rl  a 

2.3). 

The  characteristic  impedsnce*  Z^*  will  have  a  value  between  the 
Impedance  of  two  adjacent  parallel  wires  In  the  cable  and  a  coaxial  line 
where  all  other  wires  In  the  cable  act  like  the  outer  coax  conductor. 

For  the  calculations  In  this  example*  100  ohms  will  be  chosen  for  Z^. 
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MeasureBenCs  of  several  slallar  cables  show  this  Co  be  a  reasonable  value 

(Eleference  13).  Using  Che  above  propagaClon  consCanCs,  Che  Thevenln 

Impedance  (Z  )  was  calcula>a  ’  irom  Che  above  expression  and  ploCCed  as 
TH 

shown  in  Figure  IV-12, 


In  order  Co  calculace  Che  Induced  volcages  and  ac  Che  ends 
of  Che  single  wire  model,  a  simple  model  fcr  Che  common  mode  currenC  muse 
first  be  generated.  This  model  will  Chen  be  used  Co  approximate  Che  common 
mode  currents  at  Che  terminations  due  Co  Che  excitation  at  Che  source  end 
of  Che  cable.  The  model  used  is  described  by  a  single  line  representing 
Che  cable  bundle  as  one  conductor  over  Che  ground  plane.  A  schematic 
diagram  for  this  is  shown  in  Figure  lV-13. 


Each  segment  of  Che  cable  from  a  termination  to  a  branch  or 
between  branches  must  be  modeled  as  one  section  of  the  total  common  mode 
model.  The  sections  will  be  modeled  using  standard  transmission  line 
impedance  expressions  and  will  be  described  by  a  cascade  two  port  network 
representation  as  shown  in  Figure  IV-14. 

The  cascade  parameters  can  be  written  as: 

A  ■  D  *  Cosh  Y  K 
c 

B  »  Z  Sinh  y  K 
c  c 

C  =  Sinh  y^K 

^C 
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Figure  IV~12.  Thevenln  Equivalent  Circuit  Impedance 
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Figure  IV~13.  Single  Line  Comaion  ^de  Model 
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Figure  IV-14.  Connon  Mode  Model  of  Cable  Section 


Where  Is  the  common  mode  characteristic  Impedance  of  the  cable  segment. 
Is  the  comnon  mode  propagation  constant  of  the  cable  segment,  and  K  Is 
the  length  of  the  cable  segment.  The  constants  y^,  and  can  be  computed 
from  the  per  unit  length  common  mode  parameters  using  the  expressions 


Where  Is  frequency  In  MHz  and  e  Is  the  effective  relative  dielectric 
M  C 

constant  between  the  cable  bundle  and  the  reference.  For  the  unshielded 
b’Uidle  over  ground  plane  In  this  example,  Is  assumed  to  be  one,  but  for 
3  shielded  cable  It  will  be  nearly  equal  to  the  relative  dielectric  constant 
of  the  Insulation.  The  coomon  mode  per  unit  length  parameters  for  this 
bundle  over  ground  plane  can  be  estimated  as 

2h 

L  *  .2  In  “S’  uh/meter 
c  e  R 

c 

C  * - pf/meter 

^  9L  X  10^ 
c 
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where  h  is  the  height  of  the  cable  center  above  the  ground  plane  and  R  is 
the  cable  radius. 


The  cascade  networks  and  common  mode  loads  along  with  the  EHP 
common  mode  excitation  voltage  can  now  be  used  to  calculate  the  voltages 
and  Vj.  It  Is  assumed  that  the  voltage  caused  by  the  connon  mode 
current  across  the  common  mode  loads  Is  a  series  voltage  at  each  end  of 
the  single  line  model  for  the  Individual  wire.  It  Is  also  assumed  here 
that  the  coiamon  mode  Impedance  for  this  cable  will  differ  very  little  from 
20  ohms,  therefore,  20  ohms  will  be  used.  The  common  mode  currents  I^^ 
and  1^2  Figure  IV-13  must  be  determined  so  and  can  be  obtained. 
All  common  mode  currents  In  this  cable  will  be  dependent  on  the  EHP 
excitation  voltage  which  was  shown  In  Figure  IV-9. 


By  using  current  dividing  expressions  involving  common  mode 
admittances,  the  currents  I^^  and  1^2  computed.  Starting  from  the 

right  side  of  the  diagram  In  Figure  IV-13,  the  admittance  at  the  branch 
looking  toward  R^2  computed  as 


C  +  AY, 

Y  m  ~  -k 

where  A,  B,  and  C  are  the  common  mode  cascade  parameters  for  the  section 

of  cable  loaded  by  R  .  and  Y-  is  the  load  I^/R  ) .  This  Is  done  also  for 

c2  1  c2 

the  section  of  cable  loaded  by  R^^«  These  two  computed  admittances  In 
parallel  (algebraically  sunned)  become  the  load  on  the  cable  section  between 
the  branches.  Proceeding  to  the  source,  the  current  I^^  can  be  computed 
and  then  divided  at  the  first  branch.  After  repeating  this  for  the  second 
branch,  1^2  c®*'  found.  The  voltages  and  now  simply  become  201^^^ 
and  201^2  ^respectively.  The  Thevenln  open-circuit  voltage  can  subsequently 
be  written  In  terms  of  a  standard  transmission  line  equation  for  the  single 
line  model  shown  In  Figure  IV-11.  One  convenient  expression  In  the  notation 
of  Figure  IV-11  la: 
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+  V 
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Using  this  expression  and  an  HP  9820  desk-top  calculator  with  a  plotter, 
the  following  plot  was  made  as  shown  In  Figure  IV-13. 


The  Thevenln  equivalent  circuit  Is  described  by  the  Thevenln 
Impedance  magnitude  (Figure  IV-12)  and  Thevenln  voltage  magnitude  (Figure 
IV-IS)  and  can  be  used  to  make  estimates  of  the  voltage  and  current 
signals  seen  by  the  critical  circuit.  The  circuit  input  Impedance  (lOK 
ohm)  Is  large  compared  to  the  Thevenln  circuit  Impedance  (IK  ohm  max) , 
therefore,  the  voltage  seen  at  the  critical  circuit  will  be  approximately 
the  Thevenln  voltage.  Assessment  can  now  be  made  of  the  vulnerability  of 
the  circuit  and  If  hardening  Is  necessary,  the  analysis  can  easily  be 
repeated  with  the  added  hardening  devices  using  the  Thevenln  equivalent 
circuit  for  the  cable  source  characteristics. 
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d.  Computer  Analysis  of  Long*  Large  Cables 


This  example  is  drawn  from  the  upset  hardening  of  a  digital 
accumulator  in  an  Inertial  Navigation  System.  The  B-1  coisson  mode  current 
is  applied  at  the  source  end  of  the  cable  as  shown  in  Figure  IV-i5.  The 
cable  involved  is  32  feet  long  and  consists  of  a  49  conductor  bundle  mounted 
approximately  two  inches  above  the  ground  plane  (aircraft  fuselage). 

In  this  example,  the  current  source  is  inserted  between  the 
source  terminations  and  ground.  The  cable  common  mode  current  csn  therefore 
be  forced  down  the  cable  independent  of  frequency-dependent  impedances. 


+  MFF 


2  K 


Figure  IV-16.  49  Conductor  Cable  and  Terminations 
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The  termination  for  both  ends  of  the  critical  subsystem  was  chosen  to  be 
random  resistive  loads  between  1  ohnv  and  lOK  ohms. 

Lumped  element  section  modeling  was  used  to  obtain  the  voltages 
at  the  differential  amplifier  input.  An  attempt  was  made  here  to  include 
as  much  detail  in  this  49  conductor  model  as  was  feasible.  This  process 
was  accomplished  using  a  large  computer  and  computer  code  as  described 
below. 


The  actual  cable  analysis  vas  accomplished  using  the  code  TRAFFIC 
(Reference  10).  Since  the  lumped  element  section  model  was  used*  it  was 
necessary  to  determine  the  number  of  sections  required  and  the  per  unit 
length  cable  parameters  which  define  the  elements  in  each  section.  First* 
the  number  of  sections  required  was  estimated  by  specifying  the  upper 
frequency  to  be  used  in  the  analysis.  For  this  analysis,  the  entire 
frequency  range  (10  kHz  -  100  MHz)  of  the  B-1  specification  was  used. 

To  satisfy  the  criteria  chat  each  section  be  significantly  less  chan  Che 
shortest  wavelength  of  interest,  32  one-foot  sections  were  used.  Second, 
tlie  cable  parameters  were  supplied  by  Che  code  GEOPRMl  (Reference  17). 

This  cole  computes  the  per  unit  length  self  inductance,  mutual  inductance, 
capacitances  and  series  losses  of  the  cables  and  outputs  the  data  on 
punched  cards  or  magnetic  tape  which  is  then  input  to  TRAFFIC.  GEOPRMl 
determines  the  parameters  using  logarithmic  expressions  for  the  geometric 
properties  of  the  cable  such  as  cable  radius,  spacing  above  the  ground 
plane,  conductor  radius  and  number  of  conductors.  However,  if  measured 
cable  capacitance  parameters  are  available,  the  program  PRAM  can  bo  used 
to  compute  the  per  uiit  length  cable  parameters  for  direct  input  to 
TRj\FFIC  (Referen. j  13).  GEOPRMl  and  PRAM  can  also  handle  various  cable 
geometries  ranging  from  highly  symmetric  lay  cables  to  complete  random 
lay  cables.  In  this  case,  the  bundle  was  assumed  to  display  a  somewhat 
random  conductor  lay.  The  series  losses  are  assumed  to  be  proportional  to 
the  square  root  of  the  frequency. 
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After  the  initial  vulnerability  assessment  was  made  on  this  sub¬ 
system,  upset  was  evident  and  a  filter  was  devised  to  harden  the  subsystem. 
The  frequency  properties  of  the  filter  is  also  plotted  in  Figure  lV-17. 

The  results  obtained  in  this  assessment  are  shovm  in  Figure  IV-18. 


The  results  of  the  TRAFFIC  cable  analysis  utilizing  a  one  amp 


current  source  were  modified  to  reflect  the  variation  in  the  common  mode 


current  source  as  a  function  of  frequency  as  shown  in  Figure  IV-1.  In 
addition,  some  experimental  data  were  utilized  to  interpret  the  computer 
analysis  data  so  that  the  results  might  compare  to  actual  cable 
measurement  data.  In  particular,  a  twisted  pair  in  a  cable  bundle  will 
display  a  differential  to  common  mode  signal  attenuation  ratio  as  shown 
in  Figure  IV-1 7  when  the  cable  Is  driven  common  mode. 


ire  IV-18.  Critical  Circuit  Input  Voltage  from 


The  cotonon  mode  voltage  seen  on  each  conductor  at  the  differential 
aopllfler  with  respect  to  ground  and  the  differential  voltage  between  the 
terminals  at  the  differential  amplifier  wa*  necessary  for  proper  assessment 
of  this  subsystem.  Other  signals  and/or  transfer  functions  are  also  readily 
available  from  this  computer  analysis. 

In  this  analysis,  the  time  domain  response  resulting  from  the 
damped  sine  wave  B**!  comnon  mode  current  excitation  will  be  assumed  to  also 
look  similar  to  the  excitation  signal.  This  is  only  true  in  theory  if  the 
excitation  is  sinusoidal  or  if  the  frequency  response  of  the  network  over 
the  frequency  spectrum  of  the  excitation  signal  is  flat.  In  this  case,  the 
damped  sine  wave  excitation  has  a  very  low  damping  coefficient  and  therefore 
the  frequency  spectrum  of  this  excitation  contains  most  of  its  energy  at  the 
particular  resonant  frequency  of  the  excitation.  Therefore,  the  frequency 
response  data  as  it  appears  in  Figure  IV«19  predicts  the  peak  damped  sine 
wave  response  signal  resulting  from  the  damped  sine  wave  excitation  at  a 
particular  frequency  as  defined  by  the  B-1  specification  in  Figure  IV-2. 

In  practice,  the  effect  of  the  cable  network  on  the  shape  of  the 
damped  sine  wave  excitation  may  be  required  if  a  high  degree  of  accuracy 
is  desired.  This  can  be  accomplished  by  transforming  the  damped  sine  wave 
into  the  frequency  domain  by  Fourier  Transforms,  multiplying  this  frequency 
function  times  the  transfer  function  of  the  cable  system,  and  then  trans¬ 
forming  the  frequency  domain  response  voltage  bsck  into  the  time  domain 
using  inverse  Fourier  Transform  routines.  This  technology  is  available  in 
automatic  data  handling  and  computer  program  computations  form  (Reference 
19). 

In  additica  to  frequency-time  domain  transformations  and  vise 
versa,  it  may  be  required  to  generate  K  port  equivalent  circuits.  These 
will  be  necessary  if  nonlinear  subsystem  analysis  is  required  or  if  many 
cable  system  networks  are  to  be  connected.  A  discussion  of  K-port  equivalent 
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circuit  theory  with  examples  Is  given  In  Appendix  E.  These  techniques 
are  also  available  using  automatic  computational  techniques  including 
rational  polynomial  admittance  fitting  for  Interface  to  CIRCUS  2. 
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APPENDIX  A 

SEHICOKDUCTOR  DEVICE  HODELS  FOR 
HAND  AND  COMPUTER  ANALYSIS 

The  analysis  of  circuits  for  upset  or  daaage  requires  chat  sodels  for  the 
semiconductor  devices  be  used.  The  choice  of  a  aodel  will  depend  on  the 
type  of  analysis  and  the  desired  degree  of  accuracy.  For  example,  hand 
analysis  of  a  simple  flip-flop  for  upset  may  require  only  a  piecewise 
linear  model  of  the  diodes  and  transistors,  whereas  the  same  analysis  done 
on  a  computer  would  require  the  Ebers-Moll  model.  The  following  sections 
present  a  discussion  of  seme  models  that  can  be  used  for  hand  and  computer 
analysis.  In  many  cases  the  models  for  upset  and  damage  will  basically  be 
the  same.  Differences  that  arise  In  using  the  models  for  either  upset  or 
damage  will  be  pointed  out. 

1.1  HAND  ANALYSIS  MODELS 

The  piecewise  linear  model  of  the  silicon  Zener  diode  shown  in  Figure  A-1 
Is  used  as  the  basic  building  block  for  establishing  an  approximate  large 
signal,  piecewise  linear  model  for  the  silicon  junction  bipolar  transistor. 

As  Illustrated  In  Figure  A-l»  the  actual  l»v  characteristics  of  a  Zener 

diode  are  approximated  by  three  broken-line  segments.  The  reverse  resistance 

r^  Is  shown  as  always  being  in  the  equivalent  circuit  but  Its  effect  Is 

neglected  since  is  much  larger  than  r^  and  r^.  The  D^-V^-r^  branch  is  in 

the  circuit  vdien  the  anode-cathode  voltage  exceeds  V,;  whereas,  D  -V  -r 

d  z  z  z 

branch  Is  In  the  circuit  If  the  anode-cathode  voltage  is  more  negative  than 
-V  .  Thus,  the  piecewise  linear  model  with  breakpoints  at  V,  and  -V  allows 

2  fl  Z 

complete  delineation  of  the  Zener  diode  modes  of  operation. 

In  practice.  It  Is  usually  obvious  which  mode  of  operation  exists  (that  is, 
forward  biased,  reverse  biased,  or  reverse  breakdown);  however,  if  the  mode 
of  operation  Is  not  readily  observed,  one  can  simply  assume  the  most  likely 
mode  of  operation  and  use  the  appropriate  equivalent  circuit  (Figure  A-2) 
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to  calculate  the  resulting  currents  and  temlnal  voltages.  If  the  results 
agree  with  the  assumed  mode,  the  analysis  is  complete.  For  example.  If 
Che  diode  is  asstned  to  be  forward  biased  and  the  resulting  current  is  in 
the  forward  direction  and  the  terminal  voltage  exceeds  V^,  then  the 
assumption  is  valid  and  the  solution  is  completed. 

On  the  other  hand,  if  the  current  and  terminal  voltage  calculated  using  the 

particular  equivalent  circuit  corresponding  to  the  assumed  mode  of  operation 

(Figure  A-2)  contradict  the  current  direction  and  terminal  voltage  required 

Co  make  Che  equivalent  circuit  valid,  then  the  analysis  is  completely 

invalid  and  it  will  be  necessary  to  choose  one  of  the  remaining  equivalent 

circuits  and  repeat  the  analysis  until  a  valid  result  is  obtained.  In 

actual  practice,  Che  analysis  process  is  not  quite  as  bleak  as  indicated 

above  since  Che  appropriate  equivalent  circuit  is  usually  found  on  the 

first  assumption;  only  rarely  is  a  second  analysis  necessary.  In  fact,  if 

a  Zener  diode  is  imbedded  in  a  network,  it  is  usually  good  practice  to 

assume  the  diode  to  be  an  open  circuit  (essentially  using  only  r^  as  the 

equivalent  circuit  for  Che  diode  and  assuming  r^  is  much  larger  chan  the 

network's  impedance,  thus  considering  the  diode  as  an  open  circuit)  and  to 

calculate  the  network's  input  signals  required  Co  produce  a  diode  terminal 

voltage  of  V.  or  -V  .  If  the  network's  input'  signals  exceed  the  bounds  set 
o  z 

by  the  V.  and  -V  breakpoints  then  the  appropriate  equivalent  circuit  can 

Q  Z 

readily  be  selected  and  a  valid  solution  will  result. 


1,2  THE  BIPOLAR  JUNCTION  TRANSISTOR  (BJT)  MODEL  USING  ZENER  DIODES 
The  basic  bipolar  junction  transistor  (BJT)  consists  of  two  equivalent 
diodes  in  such  a  close  configuration  chat  the  fields  of  the  two  diodes 
interact.  The  two-diode  concept  as  depicted  in  Figure  A-3  is  convenient 
for  Investigating  the  large  signal  behavior  of  a  transistor.  The  Zener 
voltage  for  the  base-emitter  diode  is  assigned  the  value  BV_-.,  the  break* 
down  voltage  emitter  to  base;  whereas,  Che  Zener  voltage  for  the  base- 


collector  diode  is  assigned  the  value  of  the  breakdovm  voltage 

collector  to  base.  The  current-controlled  current  generator  Bi  is  active 

b 
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only  when  the  base-emitter  dioue  la  forward  biased;  the  61^  generator  is 
zero  when  the  base-emitter  diode  is  reverse  biased  or  in  the  Zener  break¬ 
down  mode. 

The  various  inodes  of  transistor  operation  are  determined  by  the  operating 
state  of  the  two  diodea  used  in  the  translator  equivalent  circuit.  The 
active  transistor  characteristics  are  exhibited  when  the  base-emitter 
diode  is  forward  biased  and  the  collector-base  diode  is  reverse  biased. 

In  the  active  mode  of  operation  the  bsse-»ltter  input  driving  point 
impedance  (DPI)  is  h^^  and  the  terminal  currents  are  related  by  i^  = 
where 

i  -  Bi.  and  i  «  (1  +  B)  i.  .  (A-l) 

c  b  e  b 

The  forward-bias  breakpoint  of  the  base-emitter  diode  defines  the  cutoff 

point;  whereas,  the  forward-bias  breakpoint  of  the  collector  base  diode 

defines  the  saturation  point.  There  are  many  modea  of  operation  for  the 

simple  transistor  because  of  the  various  combinations  of  conduction 

associated  with  the  two  equivalent  diodes.  Since  there  are  two  diodes  with 

2 

three  states  each,  there  are  3  «  9  modes  of  operation  for  the  single 
transistor.  These  nine  modes  are  tabulated  in  Table  A-l. 
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TABLE  A-1 

TRANSISTOR  MODES  OF  OPERATION 


Mode 

(Diode  Status) 

Comments 

<0. 

BE  Diode 

BC  Diode 

1 

rev. 

rev. 

Cutoff  Region 

2 

rev. 

for. 

Collector-Base  Conduction  When  Vg  V^,  > 

3 

rev. 

BD 

Collector-Base  Breakdown  When  V  >  V  >  V 

c  B  E  B 

4 

for. 

rev. 

Active  Region 

5 

for. 

for. 

Saturation  Region 

6 

for . 

BD 

11  ..  P  j-..  T>  ij  (or  Base-emitter  for 

Collector-Emitter  Breakdown!.  ,  .  ,  „  i. 

/biased  &  V  high 

7 

BD 

rev. 

Base-Emitter  Breakdown  (enough  for*^  BD. 

8 

BD 

forv 

Emitter-Collector  Breakdown  or  V_  <  V_  &  V_  V 

I>  £  B  v' 

9 

BD 

BD 

Usually  Impossible  Unless  R_  &/or  R  external 

E  c 

resistors  are  present. 


It  Is  not  necessary  Co  memorize  Table  A*1  in  order  to  investigate  transistor 
circuits  for  upset  and  damage  resulting  from  an  EMF  condition;  it  is  usually 
sufficient  to  realize  that  the  transistor  doeGf»  under  large  signal  excltation» 
exhibit  the  two-Zener  diode  equivalent  circuit  behavior  and  chat  conduction 
paths  are  possible  between  any  pair  of  terminals  regardless  of  the  polarity 
of  the  EMP  excitation.  By  using  a  systematic  approach,  all  worse-case  damage 
and  upset  conditions  can  be  found. 

1.3  CIRCUIT  EXAMPLE 

The  circuit  shown  In  Figure  A-4  is  chosen  as  a  test  circuit  to  illustrate 
Che  various  modes  of  transistor  operation  that  can  be  experienced  when 
transient  Input  signals  are  Impressed  on  the  base,  emitter,  collector,  and 
power  supply  terminals.  The  basic  circuit  consists  of  a  single  NPN  tran- 
stsTor  whose  base  Is  biased  by  the  voltage  divider  consisting  of  Rj  and  R^. 
and  whose  collector  and  emitter  loads  are  R^,  and  R^,  respectively.  The 
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R2“R2  voltage  divider  establishes  a  base  voltage  of  approximately  5  volts 

and  the  anitter  potential  follows  the  base  voltage  by  emitter  follower 

*  action  (actually  the  anitter  voltage  is  one  diode  drop  lower  in  potential 

than  the  base,  but  this  baae*>emitter  drop  will  be  neglected  here  for 

simplicity).  Thus,  both  Vgp  and  are  approximately  +5  volts.  The 

quiescent  emitter  current  is  approximately  5  ma  =  (Vi^,^/Rn) ,  and  with  a  high- 

6  transistor,  the  collector  current  is  also  about  5  ma.  The  collector 

voltage  is  found  as  E..  -  I«R-  *  +  15  volts.  Therefore,  the  transistor  is 

bb  C  C 

operating  in  its  active  mode  with  its  B-E  diode  forward  biased  and  its 
collector-base  diode  reverse  biased  (mode  4;  Table  A-1) . 

1.4  BASE  INPUT  TRANSIENT 

The  test  circuit  is  first  subjected  to  an  input  signal  applied  to  its  base 

terminal  as  shown  in  Figure  A-5.  When  E._  rises  positively  from  zero,  the 

transistor  is  taken  through  its  active  region  (Figure  A-6) ,  At  E^g  ~  +  10^. 

The  collector  potential  has  dropped  to  base  and  emitter  potential  and  the 

saturation  point  is  reached.  Further  increase  in  E.„  carries  the  transistor 

Id 

farther  into  the  saturation  region  (mode  5,  Table  A-i) .  in  the  saturation 
mode,  the  collector,  base,  and  emitter  potentials  are  approximately  equal. 

As  the  base  input  signal  takes  negative  excursions,  the  transistor  first 
experiences  the  cutoff  region  (me 'e  1;  Table  A-1),  then  the  base-emitter 
breakdown  region  (mode  7,  Table  A-1),  and  finally  collector-base  breakdown 
occurs  in  addition  to  base-emitter  breakdown  (mode  9,  Table  A-1).  Thus, 
transient  input  signals  impressed  on  the  base  of  a  transistor,  which  has 
both  a  collector  resistor  R^,  and  an  emitter  resistor  Rg,  will  cause  the 
transistor  to  experience  five  (5)  possible  modes  of  operation.  The  worse 
case  with  reapect  to  possible  transistor  damage  occurs  in  mode  9  where  both 
the  base-emitter  and  the  base-collector  junctions  are  operating  In  the 
reverse  breakdown  mode. 

Referring  to  Figure  A-6(a),  it  should  be  noted  that  the  plot  of  Vg,  v^,  and 

V,.  versus  E.„  are  designated  as  the  transfer  characteristic  curves  since  the 
h.  iB 
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respective  slopes  denote  the  circuit  gain  from  the  £._  Input  to  the  output 

xo 

represented  by  a  given  curve.  It  should  be  also  pointed  out  that  the  plot 

of  V-  versus  is  the  unity-slope  line  since  £._  is  applied  directly  to 

the  base  and  the  v-  curve  thus  represents  £._  versus  A  similar 

D  Is  is 

relationship  will  apply  to  any  electrode  upon  which  the  input  signal  is 
impressed. 


In  Figure  A-6(b)  is  shown  the  current-voltage  characteristic  of  the  transistor 

test  circuit  as  seen  by  the  signal  source.  Cf  particulr.r  note  is  the 

fact  that  the  slope  of  the  i-v  curve  represents  the  driving-point  admittance 

(the  reciprocal  of  the  slope  represents  input  driving-point  impedance, 

as  seen  by  the  E..  signil  source.  It  is  noted  that  DPI.  is  different  for 
Id  in 

each  mode  of  operation.  The  DPl^^  values  are  found  as  the  series-parallel 
combination  of  impedances  exhibited  by  the  simplified  equivalent  circuit  ihat 
applies  to  Che  given  mode  of  operation.  A  shorthand  notation  is  used  to 
denote  the  experienced  in  each  mode  where  (Rj^IIr^)  denotes  the  parallel 

combination  of  resistors  and  R.,,  etc,  (see  Appendix  C) . 

1.5  EMITTER  INPUT  TRANSIENT 

Shown  in  Figure  A-7  is  the  same  transistor  test  circuit,  but  witlt  the  input 
transient  signal  impressed  upon  Che  emitter.  The  different  nodes  of  transistor 
operation  experienced  for  an  emitter-input  excitation  are  shown  in  Figures 
A-8(a)  and  A-8(b).  Notice  that  only  s  narrow  active  range  exists,  hut  that 
four  other  modes  of  operation  sre  also  permissible;  namely,  saruratlon,  cut¬ 
off,  base-emitter  breakdowti,  and  emitter-collector  breakdown  (mode  8;  Table 
A-1).  The  worse  case  with  regard  to  possible  transistor  damage  occurs  in 
mode  8,  emitter  base  breakdown,  which  takes  place  for  large  positive  (+> 
input  signals.  Five  modes  of  transistor  operation  exist. 

1.6  COLLECTOR  INPUT  TRANSIENT 

In  Figure  A-9  is  shown  the  same  transistor  test  circuit  being  driven  by 
input  signal  applied  to  the  collector  terminal.  The  resulting  modes  to  which 
the  transistor  is  subjected  by  this  collector  input  signal  are  depicted  in 
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(a)  Transfer  Characteristics 
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(b)  Input  i-v  Characteristics 


Figure  A-8 


Emitter  Input  Characteristics 
of  Transistor  Test  Circuit 
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Figure  A-10(a)  and  A-lO(b).  The  active  region  is  quite  large,  but  eventually 
collector-base  breakdown  occurs  for  a  sufficiently  high  positive  (+)  input 
signal.  The  worse  case  condition  for  possible  transistor  danage  occurs  for 
a  high  positive  input  signal  which  causes  collector-base  breakdom.  Five 
possible  nodes  of  operation  are  experienced. 

1.7  POWER  SUPPLY  BUSS  INPUT  TRANSIENT 

When  the  input  transient  is  impressed  upon  the  buss  as  shown  in  Figure 
A-11,  an  interesting  case  exists.  In  order  to  find  the  driving  point 
impedance  existing  in  the  active  region  (Figure  A-12) ,  a  derivation  of  the 
feedback  amplifier  configuration  is  performed.  Because  this  DPI^^  value 
is  difficult  to  evaluate,  a  short  derivation  is  presented  as  an  additional 
note.  There  are  two  worse  case  modes  to  consider;  for  high  positive  input 
values,  collector-emitter  breakdown  takes  place;  whereas,  for  large  negative 
inputs  there  is  breakdown  from  emitter  to  collector. 


*  Note:  Derivation  of  DPI  seen  by  in  active  region;  Figure  A-12. 


Figure  A-10.  Collector  Input  Charecteristics 
of  Transistor  Test  Circuit 
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1.8  VARIATIONS  OF  THE  BASIC  TEST  CIRCUIT 

The  basic  test  circuit  described  above  was  presented  to  demonstrate  the 
inodes  of  transistor  operation  which  one  could  experience  under  various 
input  signal  conditions.  It  would  be  almost  an  endless  task  to  consider 
all  variations  of  the  basic  test  circuit,  but  the  above  discussion  should 
alert  the  circuit  designer  to  the  various  aspects  of  transistor  operation 
that  can  be  expected  when  one  deviates  from  the  normal  operating  region. 
If  certain  resistance  values;  namely,  R.  or  R_,  have  zero  value,  then  the 
entire  circuit  results  presented  above  would  be  altered  and  some  very 
severe  damage  conditions  could  exist.  In  the  above  test  ciriult,  tlie 
large  external  resistor  values  protected  the  transistor  from  damage 
unless  extremely  large  transient  signals  were  experienced,  in  lact, 
bulk  resistance  was  completely  Ignored  because  in  comparison  to  tlie 
external  resistors,  bulk  resistance  would  be  swamped  out.  However,  if 
either  or  R^  were  zero  (or  bypassed  with  large  capacitors),  then 
input  currents  in  these  cases  would  be  limited  only  by  bulk  resistance 
or  the  signal  source  impedance. 
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Vftien  analyzing  a  circuit  such  as  a  saturatad  avitching  circuit  for  upset, 
one  may  have  to  consider  all  nine  aodes  of  transistor  operation  Hated  in 
Table  A~l.  Althou^  the  circuit  operates  noraally  between  the  cutoff  and 
saturation  regions  (modes  1  and  5)  the  transient  upset  signal  can  drive  the 
transistors  of  interest  into  any  of  the  listod  modes,  frr  soma  upoat  aaal- 
yses,  the  n-paraaeter  small  signal  model  of  a  tranaistor  may  bs  used. 

For  this  model  paraueters  such  as  6,  h  ,  h  ,  etc.  are  used.  This  modej 
is  discussed  in  most  references  on  transistors,  and  therefore  will  not  ho 
discussed  further. 

1.9  C(»iPUT£R  AIDED  ANALYSIS  MODELS 

Currently,  most  transient  analysis  computer  programs  utilize  modified 

Ebers~Moll  models  of  the  diode  and  transistor  or  their  charge-control 

equivalent.  In  their  normal  form  such  models  do  not  predict  breakdown 

and  are  probably  not  valid  for  high  forward  Junction  currents.  A  typical 

modified  Ebers-Moll  model  is  shown  in  Figure  A-ll  for  an  NPN  transistor. 

The  capacitors  C^  and  C^  and  resistors  and  R^^  are  modifications  made 

to  account  for  turn->on  time,  turn*off  time,  storage  time  and  bulk  resistance. 

The  current  1  is  generally  reprssentsd  by  an  equation  of  the  form 
9v^ 

I..  *  where  v  is  the  voltage  across  the  Junction  and  is  the 

rc  ttb  bb 

Junction  reverse  short  circuit  current  (positive  voltage  responds  to 
forward  bias  voltage).  For  large  negative  voltage  1  -  1-^.  Thus,  the 

transistor  model  can  be  seen  to  predict  a  reverse  current  1^^  for  all  nega¬ 
tive  voltages.  In  reality,  once  the  reverse  avalanche  voltage  of  the 
Junction  is  exceeded  (breakdown  occurs)  a  large  negative  current  will  flow. 

This  breakdown  phenomena  will  have  to  be  added  if  computer  codes  are  used 
for  damage  analysis  and  fox  some  upset  analyses.  Consider  also  the  base 
resistance  R^^.  In  the  computer  upset  analysis  example  predicted  in  the 
EHP  Susceptibility  Threshold  Analysis  Handbook  R^^  was  obtained  for  a  2N705 
transistor  operating  at  base  low  currents.  Its  value  was  determined  to  be  30^^. 
Even  in  the  upset  analysis  the  normal  base  currents  of  the  "on"  transistor 
are  approximately  6  ma.  This  results  In  a  voltage  drop  across  of  0.3V 
v4ilch,  when  added  to  an  approximate  germanium  Junction  voltage  of  0.3V,  yields 
.1  r.ithcr  high  ba.sc-emltter  terminal  voltage  of  0.6V.  At  the  high  currents 
rcqulrud  lor  lurward  Junction  damage  this  resistance  would  result  in 
erroneously  high  terminal  voltages  and  powers. 
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Computer  models  for  Junction  semiconductors  may  be  modified  to  account  for 
breakdown  by  placing  the  model  used  in  hand  analysis  for  reverse  breakdown 
across  each  junction,  provided  the  analyst  has  an  electrical  model  of  the 
Zener  diode  available.  Other  elements  which  can  be  used  to  shunt  these 
junctions  are  shown  in  Figure  A-14.  In  the  (a)  portion  of  this  figure  the 
resistance  is  made  large  so  as  not  to  interfere  with  normal  Junction 
parameters.  is  then  made  a  mathematical  function  of  the  voltage  aiross 

R^  to  yield  the  desired  V-1  reverse  characteristic.  In  the  (b)  portion  of 
Figure  A-14  the  diode  D1  is  an  ideal  diode  and  is  used  to  prevent  current 
flow  due  to  V-.  until  the  breakdown  voltage  is  exceeded.  V„_  is  given  the 
value  of  the  junction  breakdown  voltage  and  R^  the  value  ot  the  leverse 
direction  bulk  resistance.  The  models  are  placed  in  the  circuit  such  that 
the  polarities  indicated  for  will  reverse  bias  the  shunted  junction. 

Breakdown  and  high  current  Injection  effects  may  be  incorporued  in  the 
basic  transistor  model  more  elegantxy  by  modifying  the  mathematical  relations 
for  junction  voltage  and  current  aid  making  R^^  and/or  R^^  a  current  dependent 
resistor  (Referisnee  16).  However,  within  the  present  limits  of  upset  and 
damage  analysis  accuracy  the  above  mentioned  shunting  models  are  felt  to 
be  adequate  for  any  contemplated  computer  damage  analyses. 

In  most  computer  analyses  programs  one  can  define  his  own  models*  For 
example,  a  low  frequenev  n-parameter  model  of  a  transistor  such  as  shown  in 
Figure  A-15  could  be  used  in  a  dc  threshold  upset  analysis.  This  model 
could  be  made  more  sophisticated  by  the  addition  of  input  and  output 
capacitances.  The  information  needed  to  construct  this  model  is  usually 
available  from  manufacturer's  data  sheets. 
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APPENDIX  B 

DAMPED  SINE  WAVE  TO  RECTANGULAR  PULSE 
CONVERSION  FOR  EQUIVALENT  PERMANENT  DAMAGE 

The  damage  constant,  K,  derived  by  Wunsch  (Reference  11)  for  senlconductor 

junction  devices  is  based  on  a  rectangular  pulse.  However,  the  B-1  bulk 

cable  current  specification  is  given  In  terms  of  a  danped  sine  wave.  To 

be  able  to  use  the  Wunsch  damage  constant  one  must  be  able  to  relate  the 

period  of  the  damped  sine  wave  r  to  the  period  of  a  rectangular  pulse  x  , 

s  p 

of  the  same  peak  amplitude,  that  produces  the  same  device  damage.  For  a 
sinusoidal  waveform,  junction  failure  may  occur  in  either  the  forward  or 
the  reverse  bias  direction.  Failure  in  the  forward  bias  direction  is  most 
likely  to  occur  when  the  source  impedance  is  small  and  cannot  effectively 
limit  junction  current  to  non-destructive  levels.  In  this  case  the  volt¬ 
age  of  the  generator  need  not  exceed  the  breakdown  voltage  of  the  device. 
Reverse  bias  failure  will  occur  %d;en  the  source  impedance  is  sufficient  to 
limit  the  forward  current  to  a  non-destructive  level  but  will  permit  failure 
level  reverse  current  to  flow.  In  many  cases  the  current  required  to 
produce  failure  In  the  forward  direction  is  much  larger  than  the  current  's< 
required  in  the  reverse  direction. 

The  Wunsch  expression  for  the  power  required  to  cause  junction  failure  for  a 
rectangular  pulse  Is  • 


P 


F 


(B-1) 


where  K  is  a  device  dependent  constant  and  tp  is  the  time  to  failure.  The 
energy  required  to  fall  the  device  is 


E 


F 
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or 


Ep  -  Ktp  (B-3) 

where  Ep  is  the  failure  energy.  Equation  (b-3)  may  also  be  written  as 

K  ■=  Ep  tp  (B-4) 

Since  K  is  device  dependent  and  is  independent  of  waveform  one  can  use  this 
expression  to  equate  the  failure  energies  and  times  of  various  waveforms. 
That  is 
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Consider  the  simple  circuit  shown  In  Figure  B-la.  For  a  positive  going  rect¬ 
angular  pulse  at  the  generator  of  amplitude  (V^  »  V^),  the  current 
through  the  device  is 


I 

0 


CB-6) 


The  energy  absorbed  by  the  device  during  the  pulse  is 


E 

P 


I  T 
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where  is  the  pulse  width.  If  this  pulse  is  just  sufficient  to  fail  the 
device  then 


i 
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Substituting  these  quantities  into  Equation.  (B-4),  the  damage  constant  for 
the  device  is 


K  =  I  T 
p  D  o  p 


(B-10) 


where  the  p  aubscrlpt  indicates  that  the  damage  constant  was  obtained  for 
a  rectangular  pulse. 

For  the  same  circuit  (Figure  B-1),  assume  a  sine  wave  generator  voltage.  If 
the  input  signal  does  not  exceed  the  breakdown  voltage »  the  waveforms  of 
Figure  B-lb  will  hold. 

It  la  assumed  that  the  device  loading  will  not  cause  distortion  of  the 

generator  waveform.  The  input  voltage,  V  ,  is 
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where  u  is  the  radian  frequency,  but 


(I)  ■  2nf  ■  — - 
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so  that 


V  *  V  sin 
g  o 


(B-13) 


2fft 

T 

S 


where  t  is  the  period  of  the  sine  wave.  The  current  during  the 
8 

portion  of  the  cycle  is  written  as 


0  <  t  -y 


where 


I 

o 


and 


Vjj  a  Constant 


0  i  t 


The  energy  absorbed  by  the  device  during  conduction  is 
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or 


E 
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Perfonnlng  the  Integration,  one  obtains 


V  I  T 

E  .  Dos  (B-19) 
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If  the  sine  wave  Is  Just  sufficient  to  cause  failure  In  the  forward  bias 
direction,  then 


(B-20) 


and 
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using  these  quantities  In  Equation  (B-A),  the  damage  constant  is 


yfj  I.  1/2 


D  o 


(B-22) 


where  the  s  subscript  indicates  that  K  was  obtained  from  a  sine  wave. 


K  and  K  (Equations  B-~10  and  B-~22)  are  equated  giving 
P  s 
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or 
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but 


Ti* 
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therefore 
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Equations  (B*24)  snd  0*26)  show  the  relation  between  s  sine  wave  of  a  given 
frequency  or  period  and  the  pulse  width  of  a  square  pulse  necessary  to  pro¬ 
duce  the  same  forward  bias  damage. 

In  the  case  where  the  input  voltage  exceeds  the  junction  breskdown  voltage 
and  failure  is  assuned  to  occur  in  the  reverse  bias  direction,  the  circuit 
shown  in  Figure  2s  will  be  used  for  the  analysis  The  analysis  based  on  a 
rectangular  pulse  for  reverse  breakdown  is  the  same  as  for  the  forward 
case  except  that  the  expression  for  is  new 


where  V..  Is  the  reverse  breskdown  voltage  of  the  device.  The  damage 
oD 

constant  K  in  this  esse  is  still  given  by  Equation  (B-10)  with  1  given  by 
P  ® 

Equation  (B-27).  As  stated  by  Wunsch,  does  not  have  the  same  numerical 

value  for  the  forward  bias*^  and  reverse  bias  esses,  only  the  same  general 

expression. 

For  a  sine  wave  applxed  to  the  circuit  of  Figure  B-2s,  the  waveforms  shown 
in  Figure  B-'A  will  hold.  These  waveforms  are  not  drawn  to  scale  and  are 
used  only  to  indicate  relative  waveshapes.  To  simplify  the  analysis,  the 
t  *  0  point  has  been  shifted  as  shown  in  Figure  B-2b.  The  input  voltage  is, 
therefore 
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(b)  Device  Wevefome  for 


Figure  B-2. 
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During  the  tine  that  the  input  voltage  exceeds  the  device  bteakdown  voltage 


V 


D 


(B-29) 


and 
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where 


V  -  V 
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The  energy  absorbed  by  the  device  during  breakdovm  is 
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Performing  the  integrstion  and  evaluating  the  limits 
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In  order  to  evaluate  this  expression  further,  s  relationship  between  t'  and 

T  is  needed.  Figure  B-3  shows  the  first  half  cycle  of  the  input  waveform 

with  the  device  breakdo%m  and  time,  t',  indicated.  From  this  figure  one 

can  see  thst  when  V  ■  V-^ 
g  BD 
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Cycle  of  Sine  Wave  Showing 
lelation  Between  ;  and  i‘. 


Inserting  these  values  in  Equation  (B-28) ,  one  obtains 


=  cos  ^ 


■'s  p  -1 

=  -2.  Cos 


Equation(B-36)  is  now 


used  in  Ecuetion  (B-33)  to  obtain 
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SO  that 
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If  the  time  required  to  f?iil  the  device  is  the  time  above  breakdown,  then 


t'  *  tp  (B-40) 

and 

E  =  E,  (B-41) 

s  f 


The  damage  constant,  K,  is  determined  by  Inserting  Equations  (B~40)  and  (B~41) 
into  Equation  (B-4) 


Equating  the  damage  constants  K  and  K  one  obtains 

s  p 
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or 
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Equatio:>  (B-44)gives  the  relation  between  the  period  of  a  sine  wave  and 
the  width  of  a  square  pulse  which  will  produce  equal  degradation  in  the 
reverse  bias  case. 

Figure  B-4  shows  a  plot  of  ■  ersus  From  this  plot  it  can  be 

seen  that  for  values  of  V  /V«_  -^ater  than  1.3  the  value  of  x  lx 

o  BD  P  s 

approaches  that  predicted  for  the  forward  bias  case  of  Equation  (B-24) .  For 
values  of  V  /V_.  less  than  1.3,  the  ratio  t  tx  differs  from  the  forward 
bias  case  and  can  be  read  from  the  expanded  curve  of  Figure  B-3. 
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Electronic  Circuit  Analysis  and  Design  by 
Driving-Point  Impedance  Techniques 

RUBEN  D.  KELLY 


iisu(  driviiic  potat  inp>fiU9>‘e  (DPI)  tecliai^se*  a 
systematic  approach  to  the  analyaia  of  electrooic  circuita  can  be 
devetopei  which  helpa  the  ei^fineer  tain  insight  into  circuit  action. 
The  answers,  r^pritsenting  the  circuit's  currents,  voltagea,  gains,  and 
•thviag-point  wpedancea.  are  written  down  by  inspection  of  the 
ongmalcircait  diagram  without  resorting  tr  equivalent  circuits  of  flew 
gn^s.  The  resulting  asswert  are  in  a  most  simple  form  which  can  be 
easily  interpreted  by  inexperienced  persona  since  the  relative  magni¬ 
tude  of  each  factor  is  known.  Thus,  the  student  rapidly  obtains  a 
'ieel*  for  electronic  circuits.  Tbe  method  can  rlso  be  used  to  comple¬ 
ment  a  computer-aided  cirenit  design  and  analysis. 

A  tutorial  treatn>ent  of  the  fundan)eatal  methods  ia  presented  and 
two  examples  ire  gi^'en.  The  simple  example,  which  is  complex  by 
erdinaiT  atandarda,  has  five  input  signals  and  three  active  elements; 
yet  the  output  signal  voltage  is  written  out  by  ioipecnon  with  each 
step  explaiaed. 

The  second  example,  a  rwo-siage  transistor  ferdback  amplifier, 
ix  used  to  demonatrate  how  the  fundamental  concepts  are  applied  to 
complex  feedback  circuits.  The  gain,  input  unpedancr,  and  output 
impedance  of  the  feedback  amplifier  are  found  and  approxima'  jas 
are  used  to  compare  the  answers  to  ordinary  soluiona  given  for  such 
amphfiera.  The  answers  obtained  by  DPI  analyaia  methods  are  also 
compared  to  equivalent  answers  found  hy  node  snalyiiK. 


ISTRont.l.  TlON 

SOON  uller  the  advetn  thi*  tr.uisistor.  It  Irecjinit 
appnrfiu  th.it  .t  new  incihod  of  tt-.nliiny'  elec- 
trtniirs  would  In;  rctuiirvd  if  .i  te.iflior  lio|>ed  U) 
keep  hiji.  students  aitri-.isi  with  the  luiri.ul  of  new  elec¬ 
tron  devices  .tnd  circniis.  .Most  every  elecironiker’  hjul 
developed  his  own  ineihods  so  jlj.tt  lie  h.id  n  "feel"  for 
electronic  circuits.  M.in\'  te.n  hers  hiid  used  TheveniiTs 
theorem  to  redme  .1  (ircuii  to  u  sitiy;le  equivalent 
iitipetlaiu  e  .»od  stnyle  etniivaleii!  voltil^'e  in  order  to  ex- 
pi. tin  more  linipK  the  coiiiepts  of  frequency  and 
transient  respimse  'I'lu-venin’s  theorem  .tlsow.is  used  to 
siinidify  the  1  racepl  of  om- 1  ircuii  lo.idiii^  or  interacting 
with  another.  Witli  no  sistemaiii;  lircuit  analysi.; 
ici  hniqiies  avail.'ihlc  exiept  lotjp  and  node  analysis,  the 
a\'<Ta;'e  person  ioiind  it  diltii  uh  to  develop  a  feel  for  the 
elei  tronie  eircuil,  especially  if  it  w.is  lery  complex 
.A  new  sistematii  elertronic  1  ircuii  aii.disis  and  de¬ 
sign!  teflmicpie.  jlesi^ii.iti*!  drivin^j-ixhm  impcda.icc 
tld'I)  .inaly>i-.  h.is  heen  <ii\ ih)|M‘<l  lo  the  atiihor  for 


.M.ii.u-ATipl  rec«  I\rd  .Xpril  ‘0.  1970. 

The  (iilhur  i'^  uirS  the  lVp.ii  onenl  ol  mg  .iiid  Computer 

rleiice.  I'niverstly  of  .New  Mexi.o,  Ml>u<|ti(‘r<|ti('.  .N,  Me*. 

‘  .An  rleclrociker  i«  .in  individii.il  (‘.«p.iblt  oi  .111, iK  ring,  desigi)ii)g. 
dial  «'<>n'«tru«'ting  electronic  lircnilr^. 


use  in  teaci  'ii^  electronics  at  the  1‘nlversity  of  .New 
Mexico.  Hy  n^!nR  a  lew  fiind.iment.il  <  irciiit  MMicepts. 
which  ilie  .-iver.iyie  student  c.iii  e.'ii>ily  master,  om-  i  .m  in 
a  very  short  peritM!  of  time  Ik-ioiiic  prolicieiii  in  ilie 
anaK  sis  of  the  most  complex  circniis  .ind  d«  velop,  -s 
one  student  sti  vividly  destrilHil  it.  .i  "kxi  Ici-hny;''  Im 
electronic  circuits.  DTI  analysis  allows  the  stndeni  tn 
write  out  answers  to  complex  circuits  hy  inspci  lion,  .nui 
l>ecause  the  answers  are  products  .iml.  or  smns  ol  simple 
itTiiis.  the  student  r.ipidly  Icarus  how  to  .ipproxiin.iic 
answers. 

Two  years  ago,  Kirtland  Air  horce  Base  tK.Al'B'. 
under  a  special  services  enntrart,  einplnved  the  aulhoc 
to  teach  a  25-lecture  Iteginning  course  in  ch'cirmuc 
circuit  analysis  :ind  di’sigu  using  DTI  aii.ihsis  tech¬ 
niques.  The  liegiiiiiitig  course  was  so  siii  cc'»fnl  ih.tt  .1 
seciiud  mole  ,ulv.ince<l  cour.se  was  otTered  the  next 
semester.  .Since  that  time  hoih  the  U-ginihm;;  .iiul  .ai- 
vanred  course  have  heen  lepe.itcd.  The  classes  «! 
KAKB  consisted  of  students  who  are  elei'irical  ci>.;:i- 
neers,  technicians,  and  iioneUcirical  engineers.  .Althiui  .h 
there  were  excellent  students  in  each  category,  some  ol 
the  best  students  were  technicians  .ind  mmeleeinc.ti 
engineers,  whic  h  indie. lies  tli.ii  DIM  .in.ilysis  can  l)e 
ina.stercd' hy  .myoiie  interested  in  ele«  lri>Mi< s.  K.AI'B 
personnel  h.ive  (omul  DIM  an.ilysis  to  l>t'  ver>  v.iI-i.iMe. 
especially  as  an  .lid  in  ccmiplenieMiing  1  oinpiiiei  .u.ali  sis 
of  electronic  cirniiis.  In  the  following  par.igr.iphs  tlu- 
).isic  concepts  i>f  DIM  analysis  will  he  i-xpl.iiiu'd  and  .1 
feedback  amplilier  will  Im*  an.ily/exl  to  deinonsirate  iln 
capabilities  of  the  DIM  analysis  techniipie. 

The  current  divider  eqtiatioii  .mil  the  voh.ige-di\'idi  r 
equation  are  indisptms.d'le  for  the  analysis  ol  (■leeiromc 
circuits  by  the  DIM  mi.-tlu)d.  Keferring  to  l-'ig.  1,  n  is 
noted  th.it  the  output  I'oli.tge  appears  across  (he  p.ir.i’lel 
combination  of  K?  and  Ki.  In  order  to  m.iint.iin  sim¬ 
plicity  of  answers  the  ecphvalent  resistance  r»-presennHl 
by  the  parallel  conibin.iiiun  of  Kf  and  Ki  will  l>e  denolrd 
by  the  shorthand  notation  (/(;.■  lit)-  The  m.igiiltiide  i 
{Rt'  Ri)  ran  he  determined  as  the  pf<Hlm-t  ilivided  i". 
the  siif..;  thus.  (/(.•  Rj)  =  {li:K.i)  A’d.  i‘he  slio-  i- 
hand  n(>tati()n  is  extended  if  more  tli.in  two  rcsist.in<  e- 
are  in  parallel;  for  ex.imple.  the  p.ir.illel  (‘«>ml>i!i.itii>ii  >< 
the  three  resistors  A’,.  .iiul  R,  is  denoted  .i.-; 
{R,[  /(,)'.  however,  the  m.cgnitudeof  (h\  A‘„  R,)  e.iti 

be  Ik'sI  calculated  1>>  t. iking  two  resist.inces  .it  .1  tiir.>- 
and  utilizing  the  produ.'t  divided  by  the  sum  (wlii^'i 
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Tr 


:'i  *  I 


Vo  1 1 •9a ■ 0>  V • a«r 
(<9uat  io"  ^ 

I  ».  1 


currcut'iiividcr  eqii.ttioii  is  dorivcil  js  folltms.  I  lu* 
voltaije^  atr»»!ss  .nid  /it  is  /|  Tlir  « inn  in  /- 

flowing  ihroiigh  ffj  is  foin.il  I'V  Dliin's  law  .<>  jilir  volt 
age  acroES  I  dividi'd  I'V  \  icldiiiu 

,  T/.r  11 

/|(/e  ;/?j)  Lav  f  A!aJ 

/,  = 

A.  .  A*. 


$r  Cur  rant • D<v i aar  (guailon 

Kit;  1  Vfirs-pArjIk't  iirtuil  dem«>ii>ir.ni»K  vollAct-divider  .iiid 

ciirrrnl-ilivkirr  t^iii.iiioii'. 

applies  lo  only  iwo  resistors  in  par.-iDcl);  thus. 

=(/{., .K)':'.(K).  First.  .Mhnlate  (<;/^,) 
ihfii  find  K,,.  K- 

Tdaking  use  ol  the  shorthand  nutation  for  paruflef 
resistors,  the  current  supplied  li>  .V|  for  the  circuit 
shown  in  F'ig.  1  is 

A.  A, 

/,  *  -  «  —  —  (1) 

l>PI.„  /?!  +  (A  A.) 

The  output  voltage  A^y,  is  the  Ohm's  law  voltage  drop 
across  Aa)  r.-iused  liy /i;  thus 


r  ' 

'La:+  A,. 


The  latter  expression  for  A  gi\t'n  in  (.1)  is  known  ts  ilu* 
curretftKJividcr  e<|ii.iiion.  Ii  may  U*  iitic>'|ireted  .in 
follows.  'I'lu-  ciirrent  through  .i  p.ii  ticitl.ir  <  It  ihetM  ot  .i 
two-resistor  I  ).(r.illt'l  I  oiiihiti.tt  ion  i>  Inniid  hx  niiillipK  iiig 
the  tol.'l  enrretit  etitniiig  ihe  node  hx  ihe  v.diie  ot  ;)ii- 
op]M)site  resist.ince  .nul  then  diviiliiig  the  n-Milt  hx  the 
sunt  of  the  two  rt^i^t. Klee'S.  Il  tiioie  lli.itt  two  elemeris 
are  in  p.ir.illel  interpret  ti  e  op|t«>site  iisi>t.nice  to 
mean  the  par.ille)  coiiihin.(lioii  of  .dl  elemeiiis  eviept 
the  one  throtigit  which  the*  ciiiretti  is  desired.  IVir  e\ 
ample,  if  /r  is  flnwing  into  the  par.illel  conihinatioti  of 
three  resisicHs  A,.  AV.  .ind  A  .  .nul  it  isdi'sircd  to  fitid  //, 
the  result  is 


r  avi  1 

1  (2) 

K,  +  (/fJlKOj 


('(Hiix'.iU'in 
opjiD-iir  resisi.K'.i'c. 


The  latter  form  of  the  £ou«  expression  given  by  (2)  is 
designated  as  the  voltage-divider  equation.  It  can  be  in¬ 
terpreted  usfdlows.  Ill  a  series  cirenit.  the  voltage  across 
.any  scries  element  is  foniid  Ity  multiplying  the  applied 
voltage  )>y  the  v.ihie  of  the  particular  series  element 
(across  whose  tcnnin.ds  the  voltage  drop  is  desired)  and 
dividing  the  result  hy  the  siiiiiination  of  .all  the  series 
clenienis.  I  sing  s!inrt)i.ind  notation  for  parallel  elements 
simplifies  the  .ippe.irance  (and  iiili-rpretation)  of  the 
resulting  e(]uation. 

Kc-erritig  h.ack  to  Kig.  1,  it  is  noted  that  the  total  cur¬ 
rent  /i  w.is  easily  found  liy  dividing  A|  hy  the  Dl'fin  as 
seen  from  the  Ai  viewpoint.  With  the  value  of  A  known. 


I'siug  the  current-divider  eqti.ilioit.  the  t  iiricui  /.  k' 
Fig.  1  is  casilx' oht.tiiti-d  .IS 

/.  ■  /J 

La  ^  aJ 

One  more  simple  ex.iiitple  xx  ill  be  riled  to  deiiioiisti  .tie 
the  siinpliciiy  of  the  iiietliod.  I  lie  expression  for  AV  :it  in 
F'ig.  2  is  seen  to  Ihj  J*A't  l'>  <  >hiir.-i  l.ixv  volt.igedrop.  The 
current  Aran  lie  fouiitl  by  tir.-n  writing  A  as  (Ai.'Dl’li*) 
and  then  applying  tlie  riUM-iii  divider  e(|ii.ttion  at  the 
A*-Aj  node  to  find  /..  .iiid  .tg.iin  appixing  the  rurrert- 
dix  ider  equation  at  the  A.  /A  uode  to  tind  /•■  f'he  leHiilt 
of  Aout  found  by  einploxiiig  the  cnrrciil-divitler  equation 
is 


Apui  ~  AAa 


r  . . .  ] 

A, 

r  Ai  1 

.A,  4-  (A;)4A,  4-  (Ad,:(A,  4-  A,)|J 

.Ai  +  |Aa  +  (AdiHAi  4-  Ad|. 

LA,  ^  Hi -h  Ae_ 

I*  :n  desired  to  determine  tlie  rurreiil  flowing  through 
c.u  II  of  the  [Mralte)  resistors  A  and  A.  The  currents 
iliroiigheach  iiiember  of  a  p.ir.dlel  hr.im  hran  lie  derived 
for  e.M  It  piobleiii.  but  .i  simple  <  iirrem-divider  exprc'S- 
sioii  r.iii  l*c  found  whii  h  will  apply  lo  .dt  r.ises.  The 


The  voltage  A„u,  iu  l-'ig.  2  r.tu  In-  written  out  just  .as 
easily  liy  iitili/iiig  the  voltage-divider  etpiation.  I'hc 
voltage  at  point  A  r.iu  first  l>e  ofitained  by  applying  the 
voli.ige-divider  equation  to  At.  A|.  and  the  remainder  of 
the  circuit.  With  the  voltage  .it  point  A  known,  the 
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(a)  (b) 

h  2.  Circuit  for  linding  by  the  curtrui  divulcr 
and/or  the  vottage-dividei'  lechnique. 


(.*)  (c) 


I  in-  J.  Ir4n«isli>r  rb.ir.'i'h‘rij.iii'".  (ciirrcul-o'ciroltcd  nir- 

rrnt  --mrir'.  ('al  Symb'it«.  l•l)lliv.|lenl  lircuil.  anil  i  iirn-nl  rel.i- 
tioibhip'  d»i  H.i-e  HIM.  (i  I'niiiter  I>IM.  (it  I'olleclor  DPI 

voli.i^'e  ;ii  ]i(iiiit  H  t'ltn  Ik*  iilitaincd  Ity  applying  tho 
voli.i^f  diviiltT  iMiuation  '.•»  1.4  and  the  circuit  branch 
from  point  .1  lo  pi'int  h.  Kiiially.  the  voltage  /iogt  is 
obniiiiod  !•>  niii'f  again  applying  the  vollag '  diN'ider 
et^uation  lo  ihc  voltage  and  the  divider  cii- 

cuit.  The  result  written  out  by  inspection  in  one  step  is 
as  follows: 


The  above  two  answers  given  in  (6)  and  (7)  for  .no 
exactly  equivalent  and  each  wiis  written  out  by  ins|m 
tion.  If  the  circuit  contains  more  than  one  voliag«' 
source,  the  answ’er  can  still  Ik-  written  out  by  iiispcn  tion 
by  applying  super|K>sitiun;  that  is,  considering  e.u  ii 
voltage  individuallv  while  letting  the  remaining  volt¬ 
ages  be  zero  and  algebraica'ly  adding  !*'  '  results  ((  on- 
trihutioMs)  of  each  voltage  to  obtain  :•  result. 

The  prcvinling  dim'ussion  of  i)ie  circuits  in  Kig.  1  ami 
Fig.  2  ilhistr.ites  the  ineihods  used  tu  write  out  the  cm- 
rents  and  voltages  in  ninhiloop  circuit.  We  need  now 
only  to  know  the  simple  DFl  of  lusic  electronic  circuits 
so  that  tiu'se  terms  can  in'  nstnil  to  write  out  by  iiispec 
tivin  the  answers  to  nniltisi.igc  aniplifiei's,  iiiclndiiu 
those  that  contain  fmlback. 

Wlun  active  devices  sneh  as  transistors  .ind  vai'iuiin 
tubes  are  etuplovinj  in  electronic  circuits,  tlic  DIM  at 
various  nodes  in  the  eirniit  are  modified  by  the  action  ot 
the  dependent  controlled  soiin  es.  Three  b.isie  types  of 
controlled  s<inrcc8  appear  in  the  three  most  eominnnlv 
UM'd  active  circuit  elements.  The  comaion  bipol.ir 
transistor  shown  in  big.  3  exhibits  a  eurrent-cnnirolUd 
current  source:  the  field  efTec  i  transistor  (b'l  rr)  show  n  in 
big.  4  exhibits  .i  voltage-controlled  current  soiiite: 
whereas,  the  triode  v.u'uum  iul»e  shown  in  big.  S  ex¬ 
hibits  a  voltage  con  trolled  voltiigc  source. 

By  knowing  the  DIM  at  e.ieli  elcctnHle  rel.itive  to  itie 
common  eoiineetioii  of  the  other  two  tei  luin.ils,  how 
gale  voltage  controls  dr.iin  c  iirront  in  an  b  l  l  .  and  how 
grid  N'ohage  comrols  plate  nirrent  in  .i  tui'c.  ii  is  po> 
sible  to  use  Ohm's  .ind  Kirchhofi's  Jaws  i»*  w  rite  »Mit  liie 
Solution  to  the  most  i'oni|i|(-x  ot  l  iiciiiis  !•>'  iii.spi  ciion. 
Before  proceeding  it  sluaild  1h‘  nointeil  out  tli.it  the 
solution  to  (irciiit  currents  and  xoltages  c.in  a!'‘o  be 
written  out  by  ins|'cction  using  loop  and  oi  luxlc  .in.di  • 


\ - voli.igc-dividcr;  r~ 

t-  — viiltage-divider;  A'l  to  point  .1  point  . I  lo  point  H 

[A,  +  (A,)  (A,  4  A*,i!  -ir  (As  4  Ai)  -ir  As  1 

'la,  4  iK.)  Us  4-  As  4  AdIJiA.  t  (A.)  <A,  4-  A,'JLa  4  kJ 

V'>li.i;'.e  .0  point  .1 


point  .1 

voltage  .It  point  H 


—  voltage-divider; 
point  /•  tooi.tput 
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(b) 

I'ig.  4.  Field  elTert  tranfliitor  characteristic*  (voltaicc*conlrolkd 
rurreni  (a)  Symbol*  and  equivaleiil  cif-  uil  (netlectina 

fdi).  (b>  Drain  current  (in '*15)  as  a  function  of  £.  appTted  be- 
Iween  ante  a'ld  common,  (r)  Cate  DPI.  (d)  Drain  DPI.  (e) 
Source  DPI. 


sis  methods;  however,  the  results  of  node  and  loop 
analysis  are  not  easily  comprehended  because  the 
answer  is  in  the  form  of  the  ratio  of  two  n-hy-n  deter¬ 
minates.  (^n  the  other  hand,  the  result  of  the  DPI 
analysis  is  in  the  form  of  products  and  sums  of  simple 
voltage-divider,  current-divider,  or  Ohm’s  law  expres¬ 
sions.  each  of  which  is  easy  to  comprehend  and/cv 
visualize  1)>’  the  average  person. 

Common  Bipolar  Transistor 

Referring  to  Fig.  3(a)  we  note  that  the  base  current 
controls  the  current  generator  in  the  collectoV  circuit. 
Thus,  the  i»  base  current  and  the  ^t*  co”ector  current 
ronibine  at  the  emitter  node  to  make  emitter  cuirent 
f«*f»(l+^).  In  Fig.  3(b).  the  action  of  the  controlled 
source  for  a  given  4  causes  the  base  voltage  to  be 
+/9)/f0.  Since  this  causes  the  vi  voltage  to 
irirrease  at  an  4 [A ,.-(-( 1 -f-^)/?#]  rate,  the  base  DPI  is 
|A:.-(-(l  -(-/3)/?j!).  Thus,  the  contrdled  source  causes 
the  emitter  resistor  Rr  to  appear  (1+^)  times  larger 
from  the  luse-circuit  viewpoint. 

In  Fig.  3(c)  the  DPI  seen  at  the  emitter  is  {ki,+Rti) ' 
'1-1-^).  This  implies  that  a  voltage  V#  applied  to  the 


Fife.  5.  Triode  vacuum  lube  characieriftlii'*  (volt.iKe-coniro(led 
vintage  source).  (»)  SyniM  uiid  nuivaleni  ’’irruir.  (b)  PUlc 
current  a*  a  function  of  £,  applied  beiween  (/xl  uitd  rtaniitoo. 
(c)  Plate  DPI.  (d)  C.uhode  DPI.  (c)  Grid  DPI. 


emitter  wil!  supply  a  current  as  though  it  were  con- 
necied  to  an  imptNi.'ince  of  (A„+^ii).TI  +/?)•  The  circuit 
action  that  causes  (Hu-^Rh)  to  apiteur  (1+^)  times 
smalls  is  a  result  of  the  controlled  (dej^endent)  fin 
generatnr.  With  I'lr  applied  directly  to  the  emitter, 
{hit+Ra)  will  l)e  directly  across  its  terminals  and  a  cur¬ 
rent  will  flow  in  the  base  circuit  equal  to  ( rK)/(It*t-F/f*), 
but  this  hose  current  excites  tlie^i'sgeiier.itnr  and  causes 
additional  current  of  du  to  lx*  supplied  by  Vg.  The  re¬ 
sult  of  this  increased  current  How  is  that  (ku-^RH) 
appears  to  be  smaller  from  the  emitter  circuit  view|MMnt 
by  a  (1+d)  factor;  thus,  the  DIM  at  the  emitter  is 

(/?i!+Au)/(H-dV 

In  Fig.  3  (d)  it  is  noted  that  the  DIM  seen  Uxiking  into 
the  collector  is  infinity  if  the  base  and  emitter  are  refer¬ 
enced  to  common.  This  results  frnm  the  boct  that  the 
0i\  generator  can  only  lx  excited  by  signals  in  the  base- 
emitter  loop,  and  since  a  voltage  applied  only  tn  the 
collector  cannot  excite  a  current  in  the  liase  circuit,  the 
current  generator  is  independent  (not  excited)  and 
appears  as  an  infinite  DPI,  a  characteristic  of  all 
independent  current  generators. 

Field-Effect  Transistor 

Referring  tn  Fig.  4(.i)  it  is  noted  that  there  are  con¬ 
flicting  synil)nls  for  the  iiinctlon  FET.  When  the  gate 
.irrow  is  ;:'**near  ihe  v>iircc  terminal,  there  is  no 


C-5 


IC£E  TRANSACTIONS  ON  bDUCACHtN.  St-FTtMIH  M 


ambiguity  as  to  which  are  the  source  and  drain  ter¬ 
minals;  however,  when  the  gate  arrow  is  midway  be¬ 
tween  the  source  and  drain  terminals*  it  is  necessary  to 
trai  e  the  circuit  to  see  which  terminal  is  cnnnected  to 
i)ie  |)ower  supply.  For  n-channel  FET’s  as  illustrated, 
the  terminal  returned  to  the  (+)  power  supply  is  the 
drain.  For  p-chaiinel  FET's  the  gate  arrow  direction  is 
opiMsite  and  the  drain  terminal  must  be  connected  to  a 
( - )  power  supply.  DPI  analysis  applies  exactly  the 
»ai;ie  to  either  n-channe!  or  p  channel  FET's.  It  should 
Im*  noted  that  DPI  analysis  as  described  in  Fig.  2 
applies  exactly  the  same  to  either  n-p-n  or  p-n*p 
bitiolar  transistors 

The  derivation  given  in  Fig.  4(b)  shows  that  the 
source  and  drain  currents  are  equal  (the  gate  draws  zero 
current)  and  that  source  current  i'«  as  caused  by  E,  on 
the  gate  relative  to  common  can  lie  calculated  as 
ihtiugh  £,  were  forcing  current  through  the  series  com* 
l>ination  ((I  g«i)  +  £t].  although  the  actual  £.  generator 
supplies  zero  cut  rent  to  the  gate.  This  apparent  circuit 
action,  resulting  from  the  controlled  (dependent)  cur¬ 
rent  source  is  helpful  in  calculatiag  source 

curient  without  deriving  the  equation  each  time.  Thus, 
any  E,  applied  to  the  gate  relative  to  ground  causes  a 
source  and  drain  current  of  i,**ii  *(£.)/[(1 /?•) 

The  source  voltage  is  the  i,R,  voltage  drop  and  is  that 
|M>rtion  of  the  voltage  appearing  across  R,  in  the  two- 
resistance  volt^e  divider  equivalent  circuit  that  repre* 
wnisequation  (iv)  in  Fig.  4(b).  As  shown  in  Fig.  4(e). 
the  l/g«  term  represents  the  DPI  at  the  source. 

Since  the  £,  signal  applied  to  the  gate  supplies  zero 
current,  the  DPI  at  the  gate  is  infinite  as  illustrated  in 
Fig.  4(c).  The  DPI  seen  looking  in  on  the  drain  [see 
Fig.  4(d)  I  is  also  infinite  liecause  application  of  a 
volt^e  to  only  the  drain  cannot  excite  the  g«  1  genera¬ 
tor  and  the  DPI  of  an  independent  current  generator  is 
infinite. 

The  DPI  seen  looking  in  at  the  source.  Fig.  4(e),  is 
(l/g«).  11  an  external  voltage  V,  were  applied  to  the 
source  in  Fig.  4(e),  it  would  supply  a  current  equal  to 
(Fj  (l.^g«)  because  the  1'.  voltage  is  directly  between 
the  source  and  the  gate  terminals  and  it  excites  the 
g«r,,  current  generator  and  causes  V,  to  supply  a  cur¬ 
rent  nf  g«1V  Thiscircuit  action  makes  the  source  DPI 
c<|ual  toO  -  g.). 

TttoDE  Vacuum  Tube 

111  ifrdcr  to  complete  our  list  nf  dependent-source 
wc  will  include  the  triode  vacuum  tube  whose 
<-<|iiiv'.<leiit  ciri'uit  rxhiliits  n  voltage-controlled  voltage 

'  1  hr  III -I  -N  Silril  is  |#cfcrrrd  \ff  ihe  aiilhi#  heriiuiic  wie  cam  lell 
•iiiiimiMirK  vhiih  tcmniwknirreipnnd  lo  ihe  Muircr  and  ihe drain; 
hoAcvi-r.  iii4M\  4'iih<«s  x0nAtf  ihr  taller  symlinl  m'lH-r  ii  more  ap- 
■triifirMirK  rrirr-e-i.isihr  -ymmrtnrat  nniiimif  ihc  PKT  Hlrurturr. 
rhmli-'  f«ir  inaiiv  I-  K'l  *•'  itir  iwonirrme  irrminuts  are  inlrrctMnge- 
.iblr,  .iml  itw  aildiiNiiuil  linuii  ir^-inK  described  previouiily  if  rr- 
<|iiirrd  |M  drii-rniiiif-  an-  Mns  uwd  as  ihe  drain  and 

ihe  MMirre. 


jource.  Ironically,  the  analysis  of  ibe  v.iiMtnn  tuU- 
circuit  is  returning  to  prominence  lie«’;inst<  its  DPI  (him.i 
tions  can  be  used  to  analyze  an  FICT  ainplilicr  wliii  li 
has  a  resistance  Itetwcen  drain  and  source  (p.ir.illcliiiy: 
theg«K««  generator)  that  cannot  lie  negleclnl.*  Rrlrr 
ring  to  Fig.  5(a),  it  is  noted  thal  the  I'ET  t'tpiivaleiii 
circuit  is  identical  tn  the  tnlws  Nortiin  ti|iuv.ilriii 
circuit  if  In  lact,  if  all  the  v.iciiuin  tiil>e  DPI 

equations  are  taken  ta  the  limit  as  r,— ami  {n,  r^) 
— they  will  lieconie  exactly  the  s.inic  as  ihc  l-'l-T 
DPI  equations. 

For  the  vacunm  tulje,  one  needs  to  kiit>w  ilic  following 
three  things:  1)  the  plate  current  resulting  liiiiii  H. 
being  applied  lietween  the  grid  and  coiuinon  given  in 
Fig.  S(b)  as  u*=(M£.)/|'/?i.+rF+'^*fl 'I"* 
DPI  seen  looking  in  at  the  plate  relative  In  comniiui 
given  in  Fig.  5(c)  by  the  expression  (»■,+ A'(i(l +m)  I- 
which  implies  that  any  impedance  in  the  cathode  li-.id 
that  is  in  lioth  the  plate  loop  and  the  grid-catliode  lisip 
will  appear  (1+m)  times  larger  from  the  plate  circiiir> 
view|H>int;  3)  the  DPI  seen  looking  int«i  the  c.iilmdif  rel.i- 
five  to  cnminon  given  in  Fig.  5(d)  as  (/(/.  +  r^)  (1+^). 
which  means  that  any  impedance  in  the  plaic  lead  wiP 
appear  (1-Ffi)  times  smaller  from  the  catlKMle  cin  inl 
vicw|>oint. 

SlMPl.K  NoNPEBDH.U  K  K.XAWri.M 

A  straightforward  example  of  the  use  of  the  DPI 
anal>*sis  technique  is  presented  in  Fig.  6.  Sii|>err>08iiii)i> 
is  used  to  write  nut  the  £oui  contribution  due  to  e.n  i 
signal  source.  The  kisc  DPI  is  used  tu  obtain  l>.ise  ■  in 
rent  due  to  £i  which  is  then  multiplied  by  (I  +d)  to  •»!* 
tain  emitter  currcni.  .A  current-divider  etinalioii  is  nsni 
to  find  the  portion  of  emitter  current  which  Mows  iiui> 
the  P'KT  source  (which  isalsodr.iin  ciirrcin).  .-ViMiilnT 
current-divide.''  cipi.iiion  is  eiiiployetl  to  deimninr  Imw 
much  drain  current  (rcsulling  from  F'l)  flows  into  iln- 
c.nhode  nf  the  liil*e.  Since  the  signal  cm  mil  « .iiis<fl  1*\ 
£i  flows  lip  through  K,  .  it  will  imxliicc  .i  (  + )  oiMpiit  vi«l 
lagecontril>ution. 

The  soum-  and  dr.iin  currcnls  rxciictl  l»\  H-  oi- 
calculated  using  equalitui  (iv)  in  big.  4(l>>  where  tin* 
equiv.iicnt  wiurcc  lo.ul  is  Ihr 

drain  current  excited  by  £j  divides  l>elwiH.‘n  Kt,  .ind  ilir 
cathode  DPI  of  the  ttil>e:  a  current-divider  t'liuation  is 
used  to  determine  the  Mil)e's  portinn.  .Since  ttic  pl.itr 
current caust^  by  £;Mow*s  down  through  A'/,  the  luil.ir- 
ity  of  its  contribution  to  £„Ht  is  negative  (  — ). 

The  plate  current  excited  by  £|  is  calculated  by  usins^ 
equation  (in')  in  Fig.  5(b)  where  the  cathode  lo;ul  is 

*  If  r*  is  liven,  ii  cad  be  nq(l«cicd  wHen  ii  is  Urge  rurupAmt  ' 
llie  Di*l  Men  belwcen  mhoiv  a>vl  drain;  ihai  i-. 

! 
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fur  ihc  rircuil  in  f'lg.  4(b). 
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1(/^a}  Dri,i  1  =  [/ifjt  ].  The  [il.itc  ( iirrent  due  to 

El  flows  down  thrcMiRli  Ri.  ;ind  c.iuses  a  negative  (-•) 
t'ontnhution  lo  /:'out- 

riie  v.iliie  pl.ite  I'urrt-ni  due  tti  E.t  is  oLtiiined  by 
dividing  El  i>>  Rk  plus  the  ('•(th(>de  DIM  (the  drain 
DIM  is  infinite),  and  since  this  current  flows  up  through 
Ri  it  causes  <i  (  +  )  }>osltivc  contribution  to  E„„x. 

The  current  from  flows  up  through  Rgs  and  splits 
lietween  the  I- IlT  source  and  the  emitter.  The  portion 
through  the  FKT  source  is  .itso  drain  current  and  it 
splits  Iwtween  Rk  and  the  cathcxie  DPI.  .Since  it  flows 
it|>  through  Ri.^  it  t  anses  a  ( 4  )  contribution  to  Eo^x- 

In  additiim  to  the  Eout  signal,  the  DPLut  is  always 
required.  The  output  PIM  at  the  tulte's  plate  is 

Two..Sta<;I-;  FfEDHACK  AMI'LtFtEK 

I  he  lollowing  pr<iblem  appeared  on  the  final  exam  at 
K.M-'B  in  the  fall  nf  1969.  and  is  used  here  as  an  example 
>f  how  to  an  ityzc  feedback  amplifiers. 

I  he  iwo-st.ige  feedback  amplifier  shown  in  l-'ig.  7  is  to 
be  analv2ed  for  l)IM,„.  DIM„,j,  and  gain. 

I I  is  noted  th<it  the  DIM  consists  of  A’,  in  series  with 


Kif  7.  A  tw«>-«la||e  ferdlsiek  ■implilirr 


Fig.  8.  Circtiil  (1i.igr.im  for  liiHliiig  the  DIM  al  pohil  A. 


the  DPI  seen  at  point  .1  from  the  R,  vlew’}w>int;  there¬ 
fore,  the  analysis  will  prineed  by  nuiving  over  to  }X>int  .-t 
and  deriving  the  DPlpomt  a- 

In  order  to  take  adv.int.ige  of  the  D‘M  analysis 
techniques,  we  will  deterinine  the  c:-  'rent  draw  n  from  a 
voltage  £.4  applied  at  {Miint  .1,  .ind  once  the  i  urrciit  is 
known,  the  DIMp„i„t  .i  =  (£4)  (/.<  loui)-  I  he  solution 
never  need  lie  carried  to  completion  liecause  the  siijier- 
^xisition  sum  of  currents  implies  several  eijuivalent 
impedances  in  parallel  and  from  this  siui-  of  currents 
one  can  write  OU'  the  DIM  bv  ins}»eclinn  u.sing  the  short¬ 
hand  notation  for  parallel  resist.inces. 

Referring  to  Fig.  8(a)  it  is  noted  that  the  circuit  htis 
l>eeii  draw'n  with  an  iiidc|)endent  volt.ige  £4  driving 
point  .1.  Because  Ea  excites  an  emitter  current  in  Qi, 
and  the  resulting  mllector  current  of  ()|  excites  a  base 
current  in  Q2  which  causes  the  collector  current  of  ^ 
to  produce  a  current  flnw  in  Rf,  it  is  always  advisable 
to  draw  a  separate  £«  generator  for  each  circuit 
branch  connected  to  |)oint  .1  so  tnat  one  may  easily 
keep  track  of  every  current.  The  circuit  is  redrawn  in 
Fig.  8(b)  with  voltage  sources  £41,  Aet.  and  £41  con¬ 
nected.  respectively,  to  the  emitter  nf  ^1,  to  resistor 
Rf,  and  to  resistor  Rg\.  Failure  to  draw  a  separate  gen¬ 
erator  for  each  circuit  branch  often  leads  to  the  over¬ 
looking  of  one  or  more  of  the  superposition  currents. 
In  nrder  to  keep  from  overlooking  any  of  the  currents, 
each  nf  the  three  vnitages  is  considered  individually 
while  the  remaining  two  are  set  equal  to  sero;  in  other 
words,  superposition  is  apfdied.  As  each  voltage  is  con¬ 
sidered,  the  current  in  its  own  branch  and  the  currents 
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which  it  might  excite  in  the  other  two  branches  are 
algebraically  combined  by  considering  currents  into  a 
branch  positive  (+)  while  considering  currents  coming 
out  of  a  branch  negative  (~).  By  tracing  currents 
through  the  circuit  of  Fig.  8(b)  it  is  easy  to  show  that 
£^1  causes  a  ^  emitter  current  in  its  own  branch  and 
a  current  into  R*  in  the  E^t  branch ;  however,  it  does  not 
excite  a  current  in  the  £a>  txanch.  On  the  other  hand, 
Ea%  excites  a  current  only  in  its  own  branch  of  Rt  and 
Rct%  while  £ai  causes  a  current  only  in  Rt\.  Each  of  the 
currents  described  can  be  written  out  by  inspection, 
and  the  results  can  be  summed  algebraically  by  super¬ 
position  when  we  let  (£xi  =  £.«t  *  £-<*)  =  £4. 

Referring  to  Fig.  8(b),  we  note  that  the  total  cur¬ 
rents  excited  by  Ea\  in  each  ol  the  three  branches  can 
be  denoted  as 


fi  —  i|(£Ai)  +  ij(£-4i)  +  i>(£xi) 


(8) 


where  ii(£4i)  is  the  emitter-1  current  due  to  Eau  ^(£ai) 
is  the  current  in  R/  caused  by  Eax,  and  it(£ii)  is  the 
current  in  Rt\ caused  by  £^t. 

Using  the  current-divider  equation  and  the  DPI  equa¬ 
tions  for  the  bipolar  transistor  given  in  h'ig.  3,  we  may 
write  out  ii  total  by  inspection  as  follows: 
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R/  current  due  to  £ai  is  pontive  (+)  since  it  flows  im>> 
the  R/  branch. 

Referring  again  to  Fig.  8(b)  the  current  I'l  dui*  to 
£ai  can  be  represented  by 

ii  =  i*i(£a?)  -F  i?(£a!)  +  ii(£a!) 

where  ti(£ai)  is  the  eniitter-l  current  due  to  Eaz,  is(/'- 
is  the  current  in  R/  catised  by  Eai,  and  i')(£^:)  is  tin- 
current  in  Rn  caused  by  £xt. 

It  can  be  noted  that  Eai  cannot  excite  .1  current  in 
the  collector  of  Qi  through  Rf  since  the  1)1*1  of  (b's 
collector  is  infinite,  and  therefore,  £.<1  cannot  ])os.sil>ly 
excite  an  emitter  current  in  Qi.  Also.  £xt  cannot  cx<  ite 
a  current  in  consequently,  ii(£>i3)  ami  it{£At)  arc 
both  zero.  The  current  it  can  be  written  out  by  inspet  - 
tiem  as 


I't  =  zero  -F 


£a: 


Rf  +  Rci 


+  zero 


(in 


where  the  second  term  representing  i't{£4j)  represents 
Eai  forcing  current  through  the  series  combination  ot 
Rj  and  Ra  (because  the  Qi  collector  DPI  is  inhn>t«- 
from  the  Eav-R/  viewpoint). 


current  through  Rj  excited  by  £.41 


ii  * 


— 1 0),)  r_^.«  ]i + 

b)£z  J  7  LRc:  +  R.V 


zero. 


(“) 


giyes 


-/-divider 
gives  is 


Note  that  emitter-!  current  is  common  in  the  first  two 
teinis  .ind  will  be  factored  out  in  the  final  expre^ion. 
The  <-urreni  in  £/  excited  by  £ai.  the  second  term  in 
p>].  is  found  by  multiplying  the  emitter  current  of  Qi 
by  +di>  to  obtain  co!k‘c:or  current  I'ci;  multi¬ 

plying  this  v^i  collector  current  by  the  current-divider 
e(|ualion  of  Rci  and  the  base  DPI  of  to  obtain  base 
current  in  Ot.  multit>lying  the  resulting  Ut  current  by 


The  voltage  £at  can  excite  current  only  in  Rk>. 
Therefore,  the  expression  for  the  current  it  l)e»oiiu-s 

ij  =  ii(£<i)  -F  ijIFai)  +  ij(£ai) 


E-Ai 

1 1  “  zero  -f  zero  -I - 

Rki 


(12) 

03) 


Bui  (£y.*£4t  =  £At)=£A  iiitcl  /a  =fi +ft-lft;  tiui 
fore,  t  he  expression  for  the  total  current  I  a  Ut  omes 


Ia 


Ea 


ir>-q 

'  Li  +  d,J 


►[ra[ 


Rci 


Rci  "F  hiti  -F  (1  +  ^l»)Rjt 


K]«[ra] 


{Rf  -F  R.-:-)  (Rr,)! 


(HI 


(/ft)  to  obi.iin  the  ()t  collector  current  irt>  and  finally 
iimliiplyiiig  I'rt  by  the  current-divider  equation  of  R/ 
and  Ra  to  obtain  the  current  in  R/.  The  polarity  of  this 


and  since  Ia  is  in  the  form  I4^Ea[{\  R.)-F(l/R,) 
+  (I//e,)]  =  £./(/f,||«,!l/e,)>/./(DPI...„  .).  Wf  m.iv 
write  out  by  inspection. 
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i«i 


DPIi.  -  DPI^utj 


[“ 

r  1 

! 

Li  +^J 

D  £rj)i|(^*i) 

«c»  1 

r  iwji 

L  ^Li  +^iJ 

LRci  +  +  (1  +  ^»)^«»J  ' 

.RctA-R,lj  J 

this  is  the  fftctor  which  makes 
DPI»»toi  4  such  a  low  impedsnce 


(15) 

(16) 


.^iefore  prc»:eeding  to  the  calculatkMM  for  gain  and 
DPI».t  it  will  be  bcnehcial  to  deacrihe  how  these  two 
answers  can  be  found.  Referring  back  to  the  origina] 
schematic  shown  in  Fig.  7.  it  is  noted  that  ^.he  feedback 
through  k'f  from  the  terminal  is  the  oniy  ifung  that 
prevents  us  from  using  the  standard  current-divider 
equation  at  point  A ;  that  is,  the  voltage  at  the  £m« 
terminal  modifies  the  current  division  at  pant  A  be¬ 
cause  the  feedback  modifies  the  DPI  at  p^t  A.  In  the 
previous  analysis  for  DPIi«,  we  could  not  write  out  the 
answer  from  the  input  terminal  viewpoint  because  the 
output  volt^e  feeds  back  through  R/  and  modifies  the 
{>otrntiaI  at  pmnt  A  and  also  the  current  diviucn  there. 
In  other  words,  the  potential  at  point  A  is  not  known 
unless  you  solve  the  enti^'e  proUetn;  it  is  a  summing 
junction  for  the  input  and  output  circuits.  However, 
when  we  moved  over  to  point  A  and  applied  a  voltage 
source  of  Ea  at  this  summing  junction,  we  prevented  the 
output  voltage  from  controlling  the  potential  at  pcnnt 
A  that  is,  Ca  killed  the  feedback  voltage:  p<Mnt  A  po¬ 
tential  was  fixed  by  Ea-  Once  we  had  disabled  feedback 
voltage  variations  at  point  A  we  could  use  standard 
current-divider  equations  and  superposition  to  w*rite 
out  answers. 

In  order  to  kill  feedback  in  the  original  circuit  of 
Fig-  7,  we  can  apply  a  volt^e  £«  to  the  output  terminal 
to  fix  the  output  voltage  to  the  value  £«  which  is  inde 
pendent  of  feedback.  The  circuit  with  both  Ei  and  £» 
applied  is  shown  in  Fig.  9. 

it  is  noted  in  Fig.  9  that  if  superposition  is  used  the 
current  division  at  point  A  is  known  by  standard  cur¬ 
rent-divider  equations  for  either  Ei  or  E,  considered 
individualiy  while  letting  the  remaining  voltage  be  set 
equal  to  zero.  That  is,  when  £,»zero,  the  current  divi¬ 
sion  at  pmnt  A  is  known  since  the  output  is  shorted  to 
ground  and  no  feedback  voltage  occurs.  Ukewise,  when 
£i«zero.  the  current  division  at  point  A  due  to  £» 
excitation  is  known  by  standard  current-divider  equa¬ 
tions  since  the  input  terminal  is  shifted  to  ground.  The 
total  current  in  any  branch  of  the  circuit  is  the  super¬ 
position  sum  of  the  currents  due  to  £«  and  the  currents 
due  to  Ei  with  each  set  erf  currents  calculated  by  stan¬ 
dard  DPI  methods.  Thus,  the  purp^  of  £«  is  to  dis¬ 
able  or  kill  feedback  so  that  tundard  DPI  analysis  can 
be  used  throughout  the  circuit. 

The  total  current  I,  shown  on  the  circuit  diagram  in 


Fig.  9.  Feedback  amplifier  wiiS  £<  connected  lo  output  termin.il. 


Fig.  9  is  a  superposition  sum  of  the  individual  currents 
caused  by  £<  and  £,  independently,  and  these  currents 
can  he  written  out  by  inspection  using  DPI  analysis 
methods.  The  most  import.int  concept,  however,  is  thiit 
if  £«  were  disconnected  from  the  output  terminal,  the 
£,«t  voitage  appearing  at  the  output  would  l>e  that  of 
the  complete  feedb.ack  amplifier  when  Ei  is  the  input 
signal,  and  if  E,  were  adjusted  to  ]yt  identically  equal  to 
the  existing  with  feedback,  and  then 
(with  feedback)  reconnected  to  the  output  te.  minal,  the 
current  Ig^f{Ef,  £,)  would  be  identically  zero.  This 
concept  is  used  to  determine  what  value  of  £»  will  be 
required  to  make  /«’=/(£.!,  £<)  identically  zero,  and  of 
course  this  particular  value  of  £«  is  also  the  value  of 
£ni  with  feedback.  The  concept  is  simple  and  the  writ¬ 
ing  out  of  /<•■/(£,,  £«)  by  superposition  uung  DPI 
analysis  is  also  simple:  in  fact,  the  hmil  analysis  is 
shortened  considerably  more  by  noting  what  the  con¬ 
cept  implies. 

In  using  the  concept,  it  is  noted  that  /«*/(£<.  £«'*0) 
is  really  short-circuit  output  current  (/gr)  and  that  the 
/j  current  due  to  £,  only  is  /,«/(£i«0,  £,) 
»(£,/DPl»»0'  Thus,  when  the  total  /» is  found  it  is  of 
the  form 

/.  -  /,(£,,  -  0)  -I-  /.(£.-  =  0.  £.)  (17) 


Mt 


(18) 


The  short-circuit  cuirent  /gc  is  considered  negative  in 
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(18)  becauae  it  is  coming  out  of  the  circuit,  whereas  the 
/•direction  was  considered  into  the  circuit. 

.Setting  /•  identically  equal  to  aero  as  required  by  the 
concept  suted  previouslyi  we  obtain 


0  »  —  /ic  + 


E, 


DPI^ 

and  striving  for  E» 

£.  -  (/ic)(DPI^ 

*  Emi  with  feedback. 


(19) 


(20) 


Mere  importantly,  it  should  be  noted  Jiat  £Mt*(gnin) 
(£i)  and  that  if  (20)  is  divided  by  £•  we  will  obtain  the 
circuit  gain:  one  of  the  requirements  of  the  initial  prob¬ 
lem.  Thus,  utilization  of  the  above  concept  of  applying 
£«  and  setting  /« *0  yields  both  the  gain  and  the  DPIm 
simulianeously  which  is  perhaps  why  the  students 
prefer  this  method  of  analyzing  feedback  amfriifiers. 

As  mentioned  above,  the  obtainii^;  cf  the  results 
given  by  (20)  is  considerably  shortened  by  noting  that 
only  the  DPIawt  as  determined  by  £«  acting  alone,  and 
the  /bc  due  to  £•  acting  alone,  is  all  that  is  required; 
that  is,  one  never  has  to  go  through  all  the  steps 
to  get  the  results  of  (20).  Short-circuit  current  Itc 
*/,(£m  £**0)  is  required  of  course,  but  when  /, 
>/(£.x0,  £«)  is  being  calculated,  it  is  noted  that 


Fig.  10.  Ckoik  for  cslcutating  tlie  output  DPI 
of  IMbs^ 

point  A  and  excites  emitter  current  in  Qt  which  In  turn 
excites  base  current  in  ^  and  cau^  Qt  collector  cur¬ 
rent  to  flow  in  the  Ett  circuit.  £«i  acting  alone  cannot 
excite  any  currents  since  it  is  working  into  the  Infinite 
DPI  of  Qti  collector;  therefore.  ii  =/(£•?) “zero.  £•» 
causes  a  current  to  flow  only  in  Ret',  therefor  .  ii 

-/(£-)  *£rf)/(^). 

By  superpocition, 

i»  “  »i  4-  ij  +  i|.  (21) 

Also,  by  superposition.  letting  E^  and  Egt  lie  set  equal 
to  zero,  t|  becomes 


ij  “  ii(/vi)  +  ij(£*i)  +  i 


zero 


this  is  it(£st 


r  £.1 

- 

this  is  in£»i) 

R,  +  (R..llR<)i| 

r  1 

Ll  +  sj  J 

+ 

r  £, 

-1 

r  I 

LA 

LA_|r - - (,.<) 


it  is  of  the  form  (£,)((l//?«)+(l//?*)+(l//?fl 
“(£,)/(/?.||£fc||/?,)  =  (£,)/(DPIo«t)  so  that  it  is  never 
necessarv  to  carry  the  calculations  beyond  the  initial 
step  in  order  to  obtain  DPI«ut  since  it  is  noted  frr-m  the 
initial  form  of  /,“£«[(I//?«)  +  (I//?i)  +  (l//?.)|  that 
f>PU“(/e,||/e*||£,). 

Proceeding  with  the  original  problem,  we  calculate 
ihc  current  /,“/(£<*0,  £,)  by  using  the  circuit  dU' 
gram  shown  in  Fig.  10.  £<  is  set  equal  to  zero  which 
shorts  the  input  to  ground,  and  £«  is  assumed  to  drive 
the  output  terminal,  Fig.  10(a).  The  circuit  is  redrawn 
in  Fig.  10(b)  with  £,i,  .*;•).  and  £>)  connected,  respec¬ 
tively.  to  resistor  R/,  to  the  collector  of  Qt.  and  to  re¬ 
sistor  Rev  The  current  q  from  £«!  enters  the  node  at 


Letting  £•!  and  £•»  be  set  equal  iu  zero,  ij  “/(£,2)  In¬ 
comes 

I*  “  >i(£«i)  +  ii(£bi)  +  ii(£»») 

“  zero  +  zero  +  zero.  (24) 

Letting  E,\  and  Ea  be  set  equal  to  zero,  ij  =/(£,i)  In¬ 
comes 


I*  *  >i(£si)  +  ii(£»i)  +  ii(£*i)  (25) 

(26) 


ij  “  zero  +  zero  H - 

Rci 


Contbining  the  results  by  superposition  and  letting 
(£/j“£rj  =  £t5)  *£i.  /i“(ii4»j+i>)  becomes 


C-10 


KELLY:  A>4ALYSIS  AND  DESlCfN  lY  OKIVING  KNNT  mnOAM'i: 


J-^L.  _  Ifi+L- 


r^.)  ir  ^iir  K I 

r  Kt  1  Li  +  0tJLRci  +  +  (1 


...  “ 


Note  1(2 
Shor(a4  •nd  ha» 
Itra  C«rr«nl 
f I««>n9  Throw^h 
■  i  I 


Kit(.  1 1 .  Circiiii  diaKram  f«r  fJiurl  .  irt'uil  i-aiculatiuiis. 


Fherefore,  Dl*Ia«t  is,  by  interpreting  (27)  to  represent 
current  in  parallel  impedances, 


+ 

r  1 

r  1 

Rci  1 

+ 

r  ****  1 

Li  +  d.j 

.Rci  +  +  (I  + 

Li  +  dJ 

this  is  (he  factor  that  makes  DFI 


The  short-circuit  output  current  /bc  due  to  Ei  can  be 
written  out  by  superposition  and  inspection  by  referrinK 
to  the  circuit  diagram  shown  in  Fig.  11.  With  £«*>zero 
and  the  output  shorted,  the  input  current  h  can  Ite 
written  by  inspection 


^sc  *  /* 


R/  +  {Rk 


and  short-circuit  current  consists  of  the  current  through  I _ _ 

R/  and  the  collector  current  of  Qa;  thus,  /se  becomes  L2?ci  +  ffita  +  (1  +  d*)/?ii2J 


/sc  •  /sci  •“  /sci 


R. + r 

-1  +  PI 


(30)  And  since  A  is  a  common  term,  he  c.'tn  Ih;  written  as 

4^,]  1 


V' + Lrf^] 


r  (M^/)  ir  a.  ir  Rc, _ 1 


A 


tC£E  TIANSACTIONS  ON  BKiCATION.  SCPTCMKR  IfW 


The  open-circuit  (iio-load)  output  voluiijc  is  The  expression  for  can  be  further  simplifietl  i»y 

«(/tic)(DPfM():  therefore,  comtaning  /ac  troni  (32)  cancelling  kkntical  numerator  and  denominator  terms, 
and  DPImi  from  (28),  the  output  voltage  with  feed-  noting  that  two  current-divider  expressions  are  ap- 
back  becomes  proximately  unity  and  observing  that  a  numerator  term 


direct  feedthrough  term 


r  1 

Ll  + 

main  feedback  term 


(*«!!«/)  •)[•  0.  -ir  *c.  1 

It  n  \  r  1  t-1  +  fllJL^Cl  +  +  (1 

nrT^JJ 


r _ _ 

•  ,  +  ir  ir  i(g.) 

,,  r  kux  “I  Li  +  diJ  Lj?ci  +  +  (1  + /?i)2?aiJ 


main  DPLm«  term  due  to  feedback 


Observing  the  relative  magnitudes  of  the  various 
terms  of  the  £o«i  equation  (by  substituting  numerical 
values),  one  soon  recognizes  that  the  negative  main 
feedback  term  predominates  over  the  positive  direct 
feedthrough  term  and  thus  the  direct  feedthrough  term 
can  be  often  neglected.  Also,  one  notices  that  the  main 
DPIevi  term  due  to  feedback  is  much  smaller  than  Ret 
with  which  it  is  paralleled  and  thus  predominates  so 
that  Ret  in  the  DPfMi  expression  can  be  neglected. 
Neglecting  these  terms  leaves  us  with  the  following 
approximate  answer  for 


approaches  Ri  and  a  denominator  term  approaches  Ri, 
respectively,  because  J?/»(^ii)||(A,)||  |(A(.i)/(l+A) ) 
and  ^i»(i?*i)||(2t/)l||(Aw)/(I+ft)j-  The  more  simpli¬ 
fied  expression  for  is 

(35) 

and  is  the  expression  given  in  most  other  publications 
(without  prooO- 

This  paper  would  not  be  complete  if  part  of  the  two- 


'approaches  unity  since  (^#i||^/) »  |(Ami)/(1  +  /Si)j 


£.utS 


(^aill^/) 


+ (*..)ii(*,)ii  [-^1  + [^1  ^  *r  ^ '  , 

Ll  + /JiJJ  L  L14')5iJJ  ^  cancels  with  terms  below  ] 


apprni^es  \EJRi 


V— appioathes  /?/ 


_ 1  r  gj  1  r _ fci _ 1 

Em  R%)  T  '  ■■■  I  V  V 

Ll  +  0xJ  J  - caneds  with  terms  above 

— approaches  unity  since  »  |(Ai.i)/(l  +  i3i)] 
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Node  C: 


MM  * 


(O 

,  "ci»  ,  <•«» 

MM  «  MM  C  MM  * 

j'.lj-...  ■..jv.j: 


(d) 
ifran 

atMly$ia  (d  f«edb»ck  ampli? 


Fif.  12.  Circuit  diaframt  for  loop  and  node 
npli^ 


•lage  feedback  amplifier  were  not  analysed  by  some 
conventional  methcnl  such  as  loop  or  node  analysis. 
In  Fig.  12(a)  and  12(b)  the  signal  circuit  diagram  is  re* 
drawn  for  possible  loop  analysis.  Although  there  are 
six  loops  shown,  closer  inspection  will  reveal  that  the  «i 
and  it  loops  can  be  easily  eliminated  by  Thevenin's 
theorem  so  that  only  a  four-loop  set  of  equations  must 
be  solved.  Since  it  is  desired  to  solve  for  £«  it  IS  more 
appropriate  to  use  node  analysis  and  solve  fes^  the 
single  voltage  Vn. 

The  circuit  is  redrawn  in  Fig.  U(c)  for  nodal  analy¬ 
sis.  In  Fig.  12(d),  the  nodal-analysis  circuit  diagram  is 
further  Amplified  by  drawing  each  node-to-node  cur¬ 
rent  source  as  two  individual  current  sources  betwe«i 
each  respective  node  and  common  ground.  Referring 
to  Fig.  12(d),  the  set  of  node  equations  are  expressed 
in  general  terms  in  (36)-(39).  The  node  analysis  is  as 
follows. 

Node  A : 


Li 


AA 


Node  B: 


r  1 1 

■  1  -1 

+  Va 

-  -  Fs 

IRAAi 

■  1  1 

'  1  1 

-  Vc 

■  1  1 

'  1  1 

-  Vj, 

-  +  F, 

— 

.Rba] 

1 

>3 

1— 

“  1  1 

‘  *  1 

-  Fc 

-  -  Fo 

V-  • 

.Rtci 

.Rso  J 

(36) 


(37) 


Node  D: 

The  apfM’opriate  v.iliu's  iieriiiinit  in  Fig  12((l)  .it** 
substituted  and  the  results  giviii  iu  (4il)  (4.1).  IUi  .jiim- 
the  circuit  is  that  of  a  fecdb.n'lc  aiiipliluT  Midi  imm 
dependent  current  sources,  tM-o  Addidonal  c«iualioiis 
are  required  to  Jescnlie  thciic  dependent  sources.  Tin* 
ones  describing  A  and  A  are  (44)  and  (4.S),  resiwctivcly. 
Node  A  ‘ 


NodeB: 


Node  C: 


Node  D: 


fi 

/» 


-  “  b^ro]  -  [zero]. 

(40) 

—  [zero]  —  |zcroJ. 

(41) 

—  [zrr«i)  —  IzoroJ 

(4?) 

—  [zero]  —  {zero] 

[-a- 

(44) 

[^]- 

(4.^) 

Substituting  (44)  and  (45)  into  (41)-(43).  we  obtain 
the  final  set  of  node  equations,  (46)-(49).  This  final  sot 
of  node  equations  can  be  solved  hy  standard  techniqms 
for  any  of  the  node  voltages. 

Node  A : 


□ = * '  ■ 
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Sode  B: 

0 


Node  C: 

0 


Vc, 


-  Kftlzero). 


+  Vci 


1  1 


[Kr]J 


- 


1  1 


LHJ 


-  y*i  \  -rT“— “1  -  Kci[zeroj 


ivuu 


L[^]J 


Node  D: 


(46) 


0  »  —  r«i|zero|  —  Vci  |zero] 
1 


-  Vc 


+  K« 


iK'JJ 


m 


(47) 


(48) 


Equation  (50)  is  the  solution  for  t*xiirfssi-<l 

as  the  ratio  of  two  determinates.  r<|iiatuin  (50)  r.in  Ik- 
evaluated  by  minors  and  will  have  four  terms  in  ilie 
numerator  and  six  terms  in  the  denominator.  11ie  ex¬ 
pansion  of  the  ratio  of  determinates  results  in  an  answer 
for  £oui  which  is  not  easy  for  an  averajfc  person  ti»  in¬ 
terpret.  Obtaining  the  answer  for  in  the  form  ^iveii 
by  (50)  involved  a  lengthy  priness  and  the  result  did 
not  readily  reveal  a  great  insight  into  circuit  actitin. 
and,  in  addition,  it  provided  only  one  of  the  ihree 
answers  asked  for  in  the  problem.  Dl^Iin  and  r)P|„nt 
must  lie  calculated  using  nthei  ii'«'liniques  and  each 
answer  will  l>e  of  the  ft;iuie  form  a.s  (.SO)  if  stanlard  I(m>i> 
and  node  analysis  methods  are  employiKl. 


[3 


r  1 


[^iiixrJ 


[raj 

-ji] 


1 

■ 

1 

’’r  *.  rT 

— 

- 

.  Li  +  djj 

Li  4-  dJ . 

I  Ml) 


/?.  /firi 


il«/ 


-ra 


1  n 


r*-! 

L  J 


L[^r]J 


Ira 

-ra 


f—  1  Kr:  [—1 
L  Li  +  JJ  L  Li  +  di]  J 
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Conclusion 

1’hc  DPI  analysis  technique  set  forth  in  this  paper 
provides  a  method  (ot  rapidly  analyzing  electronic 
circuits.  It  is  applicable  to  ordinary  circuits  as  well  as 
those  that  involve  feedback.  The  most  important  ad- 
vant^e  of  the  DPI  analysis  technique  is  that 
answers,  written  out  by  inflection,  are  in  the  form  of 
simple  Ohm’s  law  equations  involving  the  current- 
divider  equation  and  the  voltage-divider  equation.  Any 
voltage,  any  current,  or  any  driving  ixiiiit  ini|)cdancc 
I  a.J  lie  written  out  with  equal  ease. 

Although  no  examples  were  given  in  this  |ia|i«r.  the 


techniques  are  equally  applicable  to  deteniiiniiiK  d< 
operating  conditions  and  even  the  elTecis  of  Uise 
emitter  offset  voltages  can  lie  taken  into  (*onsideratioii 
in  the  dc  calculations  liy  taking  into  account  their  toii- 
triliution  to  the  superposition  siini.  Since  the  methods 
apply  to  dc  calculations,  the  complete  analysis  of  stu  li 
feedliack  circuits  as  regulated  |M>wer  sappik's  can  lie 
readily  performed. 

Because  of  the  simplicity  of  form  exhibited  by  the 
answers,  even  incx|K*rieiU(*<l  |ico|ile  rapidly  g.iiii  a  f4‘<’l 
for  the  eU*'  Ironic.  <’irciiit.  W’Ik’ii  a  |i%'rsoii  g.itns  a  l(*i’l 
for  the  circuit  he  is  an  eh'clroiiikcr. 
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APPEf^lX  0 

TABLES  OF  TRANSISTOR  AND  DIODE  EMP  PARAMETERS 


The  following  tables  are  a  listing  of  measured  and  calculated 
damage  constants  and  other  pertinent  data  for  diodes  and  transistors,  Th 
listing  is  a  compilation  of  data  acquired  during  various  EMP  programs  and 
is  provided  as  an  aid  to  further  studies. 
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NOTES: 


1.  For  SCR's,  Breakdown  taken  Anode  to  Cathode. 

2.  Reference  Source  data: 

a.  SP  *  SAP* I  Computer  Llstinp 

b.  DX  *  Experimental  data  from  DASA  Handbook 

c.  DE  -  Estimated  data  from  DASA  Handbook 

d.  CM  -  Computed  data 

3.  "  indicates  a  unijunction  device  -  the  value  under 

Vb,e  and  the  value  under  is  Vgjgj. 

k.  —  indicates  the  column  is  not  pertinent  to  the  device; 
a  blank  indicates  the  information  is  not  available. 

5.  I  indicates  a  FET  device  -  the  value  under  is 

and  the  value  under  is  . 

OSS  CdU 

6.  Parameter  Definitions: 


Collector  to  Base  breakdown  voltage  with  the 
Emi tter  open 

Collector  to  Emitter  breakdown  voltage  with  the 
Base  open 

Emitter  to  Base  1  voltage 
Base  I  to  Base  2  voltage 

Drain  to  Source  breakdown  voltage  with  the  Gate 
shorted 

Gate  to  Source  breakdown  voltage  with  the  Drain 
shorted 
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TABLE  D-1 
DIODE  EHP  DATA 


Device  Number 

K 

'^BD 

Reference 

IN23B.  C 

.0009 

SP 

IN23RF 

.0009^ 

DX 

IN23WE 

.00029 

DX 

IN25 

.026 

DX 

IN34A 

.014 

60. 

DX 

IN39A 

.006 

230. 

SP 

IN39B 

.006 

200. 

SP 

IN43B 

.005 

70. 

CH 

IN64 

.041 

25. 

DX 

1N67A 

.003 

80. 

SP 

1N69,  A 

.005 

70. 

CH 

IN8I 

.003 

10. 

SP 

INu2A 

.0007 

5. 

DX 

IN91 

.0055 

100. 

CH 

INI28 

.005 

40. 

CH 

INI9I 

.005 

90. 

SP 

INI98 

.024 

80. 

SP 

IN248A 

40. 

50. 

SP 

IN249 

40. 

100. 

SP 

IN249B 

40. 

100. 

SP 

IN250 

40. 

200. 

SP 

1N250B 

80. 

200. 

SP,  DE 

IN25I 

.03 

40. 

SP 

IN253 

86. 

95. 

OX 

IN254 

3.5 

190. 

SP 

IN260 

.0027 

30. 

CH 

IN270 

.022 

100. 

CH 

IN276 

.0055 

100. 

CH 

IN277 

.027 

125. 

OX 

n-^ 


Device  Mgwber 
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TABLE  0-1 
DIODE  EHP  DATA 


Device  Number 

K 

''bo 

Aeferenre 

lNii87»  Z 

.3 

300. 

SP 

INA88 

.3 

380. 

SP 

IM536 

1. 

50. 

01 

IM537 

.51 

100. 

OX 

IN538.  N 

1. 

200. 

SP 

IM539 

1. 

300. 

SP  1 

INS^O 

.93 

Aoo. 

ox  i 

lM5<t7 

12.1 

600. 

DX 

IN560 

.625 

800. 

CM 

IN56I 

.625 

1000. 

CM  i 

IN562 

1.8 

800. 

SP  j 

IN6I9 

.36 

10. 

SP  ' 

IN622 

.3^7 

150. 

CM 

IN625 

.I6A 

30. 

CM  j 

IN625A 

.OA5 

20 

CM 

IN6lt3 

200. 

SP 

IH6^3A 

.1 

200. 

DX 

IN6A5 

2.8 

225. 

SP 

IN6A6 

2.29 

0 

0 

DX 

IN6A7 

2.8 

400. 

SP 

IN6A8 

2.8 

500. 

SP 

IN6A9 

2.9 

600. 

DX 

IN6S8 

.92 

120 

OX 

IN660 

100. 

SP 

IN66I 

.k\ 

200. 

DX 

IN662 

.29 

SP 

IN663 

.It  It 

100. 

SP 

IN676 

.27 

100. 

SP 

IN539 

1. 1 

600. 

SP 

0-5 


Device  Nunber 


iN69i 
IN692 
IN 702 »  A 
IN703A 
IN70li»  A 


IN705. 

A 

IN  706 

IN709. 

A 

IN7I0 

IN7IIA 

iN7l2 

IN7I^A 

IN7I5A 

;N7I8a 

IN7I9A 

IN72I  . 

A 

IN725A 

IN729 

IN7^6. 

A 

IN7^7. 

A 

IN7^8a 

IN7ii9 

IN7S0A 

IN75I, 

A 

IN752. 

A 

IN753. 

A 

IN75^i» 

A 

IN755. 

A 

IN/S6. 

A 

TABLE  D*1 

DIODE  EKP  DATA  (Continued) 


Device  Munber 

K 

'^BO 

Ref  errn*.  r 

IN757.  A 

.63 

9.1 

SP 

IN758.  A 

.63 

10. 

SP 

IN759.  A 

.63 

12. 

SP 

IN76I 

1.8 

4.9 

SP 

IN762 

1.8 

5.8 

SP 

IN763 

1.8 

7.1 

SP 

IN763-2 

3. 

7.0 

IN766A 

1.8 

12.8 

SP 

IN  767 

1.8 

15.8 

SP 

IN769A 

1.8 

23.5 

SP 

IN769-3 

2. 

26. 

DX 

IN8I6,  W 

1.5 

26. 

DX 

IN8I7 

.46 

200. 

SP 

IN82I 

.577 

6.2 

CM 

IN823 

1.8 

6.2 

DX 

)N8ltS 

.365 

200. 

CM 

IN89O 

.357 

60. 

CM 

IN9IA 

.85 

100. 

DX 

IN9I6 

.44 

100. 

SP 

IN933 

.014 

100. 

DX 

IN933J 

.  1 

100. 

DX 

IN936 

.14 

9. 

DX 

IN936A,  6 

7. 

9. 

>P 

IN937 

.824 

9. 

CM 

IN938A,  e 

7. 

9. 

SP 

IN939 

CO 

9- 

CM 

IN939B 

7.0 

9. 

DC 

IN96OB 

1.0 

9. 

SP 

I.J 

10. 

SP 

1 

1. 

12. 

1  SP 

— I 


n-7 


TABLE  0-1 


DIODE  EMP  DATA  (Continued) 


1  Device  NiMber 

i 

K 

''bd 

Reference 

lN96iiB 

1. 

13. 

SP 

IN965B 

1. 

15 

SP 

IN967B 

.73 

18. 

OX 

IN968B 

1. 

20. 

bp 

IN969B 

1. 

22. 

SP 

IN970B 

1. 

24. 

SP 

IN972B 

1. 

30. 

SP 

IN973B 

I. 

33. 

SP 

IN97^e 

K 

36. 

SP 

IN9758 

I. 

39. 

SP 

IN976B 

1. 

43. 

SP 

IN977B 

I. 

47. 

SP 

IN979B 

1. 

56. 

SP 

tN98lB 

1.4 

68 

IN983A 

1. 

82. 

SP 

IN987A,  B 

1. 

120. 

SP 

INI09S 

.9 

500. 

ux 

INI096 

.9 

600. 

i)p 

INIII8 

11.392 

400. 

CM 

INI  124a 

7.985 

250. 

CM 

INII26A 

14. 

500. 

SP 

INII84 

31.5 

100. 

CM 

INII99,  A 

15. 

50. 

SP 

INi200 

62.32 

lOO. 

CM 

INI20i 

62.32 

150. 

CM 

INi202 

21. 

200. 

SP 

IN  1204a 

46.106 

400. 

CM 

INI208 

62.32 

600. 

CM 

INI2I7 

5.8 

SP 

INl222d 

2.563 

400. 

CM 

P-8 


1^91 


TABLE  0-1 

OlOOE  LHP  OATA  (Continued) 


Oevice  Number 

K 

'^BO 

Reference 

IN1317A 

.19 

IS. 

SP 

INI3I9A 

.IS 

28. 

SP 

INI3^2A 

38.lt 

100. 

DE 

inU^iSa 

1.827 

200. 

CM 

INI367 

3lt. 

It7. 

SP 

1NI583 

11.391 

200. 

CM 

INI585 

3.5 

kOQ. 

DE 

lNl6lit 

.38 

200. 

S? 

INI615 

.666 

I|80. 

CM 

INI693 

3.2 

200. 

SP 

INI695 

3.2 

1*00. 

SP  1 

INI73I 

3.2 

1500. 

CM 

INI733A 

11.3 

3000. 

DE 

INI77OA 

lit, 2 

9.1 

DE 

tNl773A 

1.9 

12. 

SP 

1 N 1 780A 

1.9 

21*. 

SP 

INI783 

21.3 

33. 

DE 

INI8I8RA 

It. 3 

16. 

SP 

INI823C.  A 

i*.3 

27. 

SP 

tNl828C 

It. 3 

1*3. 

SP 

INI83^ 

33.8 

75. 

CM 

tNl835A 

It. 3 

82. 

SP 

INI836C 

It. 3 

91. 

SP 

INI90A 

28. 

100. 

SP 

INI909 

6.8 

200. 

SP 

IN2037 

.05 

12.8 

SP 

IN2I5^ 

20. 

50. 

SP 

IN2I56 

21.5 

1*00. 

CM 

IN2I6A 

2.3 

9.1* 

SP 

IN2it33 

1*00. 

SP 

0-9 


TABLE  0-1 

DIODE  EMP  DATA  (Continued) 


Device  Number 


IN3001B 

IN3008B 

IN3015B 

0M3-;6B 

IN30I7B 

IN30ldB 

IN3022B 

IN302^B 

1N3025B 

IN3026B 

IN3027B 

)N3028,  B 

IN3029B 

IN3030B 

IN303IB 

IN3033B 

IN3035B 

IN3037B 

1N30^0B 

IN304I.  B 

IN305IB 

1N306^ 

IN3070 

IN3I57 

lN3l8d 

IN3190 

IN3560 

IN356I 

IN3562A 


TABLE  0-1 

DIODE  EHP  DATA  (Concluded) 


lABLI  D-2 

TRANSISTOR  EHP  DATA 


Device  Number 

K 

•''mo 

•''C80 

•''CEO 

Re*,  crencf 
Source 

2N/i3.A 

.28 

5. 

45. 

30. 

SP 

2NII7 

.15 

1. 

45. 

45. 

iP 

2NII8 

.15 

1. 

45. 

45. 

SP 

2NI28 

.017 

10. 

10. 

4.5 

SP 

2N158 

.A99 

30. 

60. 

60. 

CM 

2NI76 

.46 

40. 

30 

CM 

2NI89 

.17 

25. 

25. 

SP 

2NI90 

.58 

25. 

25- 

DX 

2N243 

.05 

1. 

60. 

60. 

SP 

2N2^^ 

.05 

1 . 

60. 

60. 

SP 

2N263 

.38 

1. 

45. 

30- 

SP 

2N26A 

.36 

45 

30. 

SP 

2N27A 

.0076 

-5 

35. 

40. 

CM 

2N279A 

.047 

45- 

30 

CM 

2N297A 

.499 

40. 

60. 

40. 

CM 

2N32S,A 

.21 

20. 

50. 

30. 

SP 

2N332 

.45 

1. 

45. 

30. 

SP 

2N333 

.32 

1. 

45. 

30. 

SP 

2N335.A 

.55 

1. 

(4.-2M335A) 

45 

45. 

SP 

2N336 

.55 

1. 

45. 

30. 

SP 

2N337 

.12 

1 . 

45. 

30. 

SP 

2N338 

.  12 

1. 

45- 

30. 

SP 

2N339 

2. 

1. 

55. 

55. 

SP 

2N3AI 

1 . 

1. 

125. 

85. 

SP 

2N3‘t3 

.047 

1. 

60. 

60. 

SP.  DX 

2M3A3A 

.05 

1 . 

60. 

60. 

5P 

2N357 

.05 

20. 

20. 

15. 

SP 

2N359 

.04 

6. 

25. 

18. 

SP 

D-l  \ 


TABLE  D-2 

TRANSISTOR  EMP  DATA  (Continued) 


Device  Nmnber 

K 

®''ebo 

“''CBO 

“''cEO 

Reference 

Source 

2N375 

1.02 

40. 

80. 

60. 

OX 

2N388 

.084 

15. 

25. 

20. 

CM 

2N389 

2.14 

10. 

60. 

OX 

2N395 

.09 

20. 

30. 

15. 

SP 

2N^0^ 

.05 

12. 

25 

CM 

2N424a 

10. 

10. 

80. 

SP 

2Nli63 

6.6 

50. 

60. 

DX 

2N^80 

.132 

2. 

A5. 

45. 

CM 

2N^90 

1 . 

60.* 

58.* 

-- 

SP 

2N^9I 

i . 

60.* 

58.* 

-- 

SP 

2Nit95,A 

.7 

20. 

25. 

25. 

SP 

2Ni»97 

.8 

8. 

60. 

60. 

SP 

2N498 

.8 

8. 

100. 

UX 

2NS2S 

3 

IS. 

45. 

30. 

SP 

2N526 

.39 

15. 

45. 

30. 

DX 

2N527 

.3 

15. 

45. 

30. 

SP 

2N537 

.01? 

I . 

30. 

CM 

2N538 

.5285 

28. 

80. 

60 

CM 

2N539  .A 

6. 

28. 

80. 

55 

SP 

2N5^0 

.5285 

28. 

80. 

55. 

CM 

2Nb^2 

.18 

2. 

30. 

30. 

SP 

2N591 

1.6 

6. 

60. 

60. 

SP 

2N57feA 

.023 

15. 

40. 

20. 

DX 

2N587 

.  lA 

AO. 

40. 

30. 

SP 

2N595 

.012 

20. 

15. 

CM 

2N6I8 

.88 

AO. 

80. 

60. 

DX 

2N6S2  A 

.118 

30. 

45. 

30. 

CM 

2N656 

.2 

8. 

60. 

60. 

OX 

2N65/ 

.66 

8. 

100. 

100. 

OX 

0-U 


TA8LE  D-2 

TRANSISTOR  EHP  DATA  (Continued) 


D€vIc«  Number 

K 

“''IBO 

•''CBO 

'"'cEO 

Reference 

Source 

1.07 

8. 

100. 

100. 

OX 

.33 

— 

-- 

50.  (A-C) 

CM 

2N68S 

I.A 

— 

-- 

200. (A-C) 

OX 

2N687 

11.7 

•- 

-- 

300. (A-l) 

OX 

2N690 

3.1 

-- 

600. (A-l ) 

CM 

2N696 

1.0 

5. 

60. 

40. 

CM 

2N697 

.2 

5. 

60. 

40. 

SP 

2N699 

.25 

5. 

120. 

80. 

OX 

2N703 

.08 

5. 

25. 

25. 

SP 

2N706,B 

.0075 

3. 

{5.-2N7068) 

25. 

20. 

PX 

2N708 

.03 

5. 

40. 

15. 

OX 

2N717 

.13 

5. 

60. 

40. 

SP 

2N7I8 

.13 

5. 

60. 

40. 

SP 

2N7I&A 

.35 

7. 

75. 

32. 

SP 

2N726 

.021 

5. 

25. 

20. 

CM 

2N730 

.165 

5. 

60. 

40. 

CM 

2N736 

.1 

5. 

00. 

60. 

OX 

2N756A 

.32 

6. 

60. 

60. 

SP 

2N757 

.032 

6. 

45. 

■  45. 

CM 

2N760A 

.03A 

8. 

60. 

60. 

OX 

2N63^ 

.03 

5. 

40. 

30. 

SP 

2N859 

.18 

25. 

40. 

40. 

DX 

2N869A 

.009 

5. 

25. 

10. 

CM 

2N9IO 

.218 

7. 

100. 

60. 

CM 

2N9I2 

.07 

7. 

100. 

60. 

SP 

2N9I^ 

.04 

5. 

40. 

15. 

SP 

2N9I6 

.043 

5. 

45. 

25. 

CM 

2N917 

0 

0 

3. 

30. 

15. 

SP 

D-15 


TABLE  D-2 

TRANSISTOR  EMP  DATA  (Contlniwd) 


Oevlc«  Number 

K 

•''e.o 

•''CBO 

^''CEO 

Reference 

Source 

2N9I6 

.00^ 

3. 

30. 

15. 

CM 

2N927 

.1 

70. 

70. 

60. 

OX 

2N930 

.046 

5. 

45. 

45. 

OX 

2N930A 

.02 

6. 

60. 

45. 

ox 

2NI0I6,8 

1.6 

25. 

100. 

100. 

DX 

2NI039 

1.4 

20. 

60. 

60. 

DX 

2NI0^5-I 

.55 

20. 

60. 

SP 

2NI04e 

3.9 

6. 

120. 

120. 

SP 

2NI049 

3.9 

6. 

80. 

80. 

SP 

2N)030 

6.062 

6. 

120. 

120. 

CM 

2NI069 

9.3 

9. 

60. 

45. 

SP 

2NI099 

1. 

40. 

80. 

60. 

OX 

2NIII5 

.)B 

20. 

15. 

OX 

2NIII6A 

.98 

6. 

60. 

60 

OX 

2MIII6 

.19 

10. 

25. 

25. 

ox 

2NI 132 

.23 

5. 

SO. 

35. 

ox 

2NII369 

16.4 

100. 

65. 

SP 

2NI  ISO 

.16 

1 . 

*•5. 

SP 

2NII5^ 

21  . 

1, 

50. 

28. 

SP 

2NI 156 

16. 

1, 

120. 

68. 

SP 

2N1  I6I4 

.471 

20. 

45. 

20. 

CM 

2NI2I2 

13.129 

10. 

60. 

60. 

CM 

2NI303 

.087 

25. 

30. 

IM 

2NI308 

.084 

25. 

25. 

15 

CM 

2NI309 

.087 

25. 

30. 

CM 

2N  114^5 

.5 

8. 

120. 

120. 

sP 

2NII458 

.5285 

15. 

80. 

65- 

CM 

2N 1 1469 

.65 

40. 

40. 

35. 

OX 

2NII46O 

5.5 

12. 

100. 

55. 

SP 

TABLE  D-2 

TRANSISTOR  EHP  DATA  (Continued) 


i 


TAW.E  D-2 

TRANSISTOR  ENP  OATA  (Continued) 


Oevico  Nuafeer 

K 

Bi 

“''cEO 

Reference 

Source 

.21 

7. 

100. 

60. 

SP 

2N2I02 

.77 

7. 

120. 

65. 

SP 

2N2I56 

.*71 

25. 

*5. 

30. 

CM 

2N22I8A 

.26* 

6. 

75. 

*0. 

CM 

2N22I9 

.3 

5. 

60. 

30. 

SP 

2N22I9A 

.26* 

6 

75. 

*0. 

CM 

2N2222 

.1 

5. 

60. 

30. 

OX 

2N2222A 

.1 

6. 

75. 

*0. 

SP 

2N2223,A 

.21 

7. 

100. 

60. 

SP 

2N2270 

•5 

7- 

60. 

*5. 

SP 

2N2346 

3.2 

— 

— 

100. 

OX 

2N2369A 

.03 

*.5 

*0. 

15. 

SP 

2N2417 

.5*9 

30.* 

35.* 

-- 

CM 

2N2432 

.189 

15. 

30. 

30. 

CM 

2N248I 

.099 

5. 

*0. 

15. 

CM 

2N2509 

.126 

7. 

125. 

80. 

CM 

2N25I6 

.209 

8. 

80. 

60. 

CM 

2N2563 

.55 

20. 

100. 

100. 

SP 

2N26Ii6 

.72 

30.* 

35.* 

SP 

2N2708 

.CI8 

3. 

35. 

20. 

CM 

2N2857 

.018 

2.5 

30. 

15. 

CM 

2N2394,A 

.03 

*. 

(*.5-2N289*i 

12. 

) 

12. 

SP 

2N2904A 

.221 

5. 

60. 

60. 

CM 

2N2905 

.221 

5. 

60. 

*0. 

CM 

2N2906 

.0** 

5. 

60. 

*0. 

OX 

2N2906A 

.221 

5. 

60. 

60. 

CM 

2N2907.A 

.1 

5. 

60. 

*0.(60. -A) 

OX 

2N2920 

.0* 

6. 

60. 

60. 

OX 

"ABLE  0-2 

TRANSISTOR  EHP  DATA  (Continued) 


TABLE  D-2 

TRANSISTOR  EHP  DATA  (Concluded) 


APPENDIX  E 


GENERALIZED  EQUIVALENT  CIRCUITS 


1.  THEORY 

To  make  the  cable  analysis  results  readily  applicable  to  subsystem 
assessment,  it  is  often  desirable  to  use  a  ’^Single  Wire  Equivalent  Source" 
and  "Black  Box  Driving  Function."  This  is  especially  applicable  for  sub¬ 
circuit  designers  who  do  not  have  ready  access  to  large  scale  computers 
and  analysis  codes.  Figure  E-1  illustrates  the  equivalent  circuit  of  a 
typical  cable/circuit  interface.  Looking  to  the  left  at  terminals  b-b, 

the  source/llne  system  has  a  Thevenin  equivalent  circuit  in  which  Z  (f) 

B 

is  the  frequency  dependent  impedance  looking  into  terminals  a-a  when 
terminals  b-b  are  open  circuited  and  V  is  the  open  circuit  voltage. 


Figure  E-1.  Equlvalen**  Circuit  of  Cable/Circuit  Interface 


E-1 


In  general,  the  circuit  to  the  ‘.eft  of  b-b  may  be  represented  by  a 

simple  Thevenia  circuit,  the  “Single  Wire  Equivalent  Source".  Where  now 

Z  (f)  repreaenta  all  other  mutual  or  terminal  Z's  (such  as  direct  connect 
S 

tions  to  c-c,  inductive  and  capacitl^re  coupllnga  to  other  pairs,  shield  to 
pair  coupling,  cracks  in  shielding,  etc.)  V  ■  V(f)  is  the  total  open  cir¬ 
cuit  signal  at  b-b  and  may  be  a  quite  complicated  function  of  frequency. 
Here  the  load  elements  to  the  right  of  b-b  have  been  incorporated  in  a 
"black  box"  which  represents  the  general  circuit  or  component  of  ultimate 
interest.  The  "Black  Box"  as  shown  (a  closed  system)  may  I'ontain  active 
and  passive  devices  and  other  sources,  steady  state  or  transient.  How 
these  are  treated  depends  upon  the  ultimate  analysis  objective.  At  this 
level  the  problem  has  been  treated  as  separable,  i.e.,  the  sources  of  EMP 
into  b-b  have  been  represented  by  ^^(f)  and  V(f)  which  make  up  the 

"Black  Box  Driving  Function." 


Z  (f)  might  be  estimated  by  analysis  or  measured. 
S 


V  might  be  estimated 
oc  ® 


by  analysis,  measured,  vr  postulated;  the  latter  is  often  the  case.  If 
postulated ,  it  can  be  done  in  two  forms:  the  frequency  and  the  time 
domains.  If  postulated  as  a  current  waveform,  then  the  Thevenin  Equivalent 
goes  ove^-  to  a  Norton  Equivalent  as  shown  in  Figure  E-2. 


Z  (f) 

g 


V  (f) 


2g(f) 


Figure  E-2.  Driving  Source  Equivalent  Clrculta 


E-2 


Oct*  O  57 


As  it  has  been  described  above,  single  wire  or  single  port  Thevenin 
or  Norton  equivalent  circuits  can  be  determined  ior  n-poit  networks. 
Although  in  actuality,  a  k  port  equivalent  (k<n)  can  be  constructed  for 
any  linear  excitation  and  coupling  network.  The  other  n-k  ports  are  ter¬ 
minated  in  their  (linear)  assigned  values.  Figure  E-3  shows  an  excited 
coupling  network  (for  example  an  illuminateii  cable). 


Figure  »3.  An  Arbitrary  Coupling  and  Excitation  Network 


A  k  port  Thevenin  or  Norton  equivalent  circuit  can  be  defined  within 
the  dotted  line.  All  ports  within  the  dotted  line  are  left  connected  to 
the  appropriate  terminations  and  the  response  of  the  network  at  any  of  the 
k  ports  can  be  determined  for  arbitrary  (linear  or  nonlinear)  terminations. 
Note  that  a  common  reference  can  be  assigned  for  each  of  the  k  ports  and 
so  equivalent  circuits  of  an  excited  cable  can  be  found.  When  an  equiva¬ 
lence  of  a  linear  active  system  is  determined  at  a  pair  of  terminals,  it  is 
accomplished  by  an  application  of  Thevenin's  theorem  which  states  that  a 
linear  network  with  sources  may  always  be  represented  by  a  voltage  source 
equal  to  the  open  circuit  voltage  of  the  network  in  series  with  the  net¬ 
work  with  all  of  its  independent  sources  removed.  This  is  depicted  in 
Figure  E-4, 
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Figure  E-4.  (a)  Original  Network;  (b)  Thevenin  Equivalent  Circuit 

For  an  n  terminal  (plus  a  ground  terminal)  network  the  system  may  be 
diagrammed  as  shown  in  Figure  E-5. 

If  the  network  N,  is  removed,  C(n  +  1,2)  =  (n  +  1)  !/(2!  (n  -  1)1)  = 
b 

n(n  +  l)/2  open  circuit  voltages  may  be  measured  on  the  network  N  .  How- 

cl 

ever,  C(n  -  1,2)  of  these  voltages  involve  differences  on  the  other  n 
voltages  and  are  thus  dependent.  For  convenience  the  n  node-to-ground 
circuit  voltages  are  chosen  as  the  independent  set. 
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Figure  E-5.  N  Tenainal  Networks  N^  with  Sources;  N,  Passive 

a  D 

With  all  of  the  independent  voltage  sources  removed  from  the 

a 

remaining  network  can  be  represented  by  an  n  x  n  nodal  admittance  matrix. 
The  value  of  the  matrix  elements  can  be  determined  by  applying  a  l>volt 
source  between  the  appropriate  terminals  while  simultaneously  shorting  the 
uninvolved  terminals.  The  resulting  current  is  the  value  of  the  appropri¬ 
ate  admittance  entry.  Refer  to  this  matrix  as  Y^,  The  nodal  admittance 

matrix  for  N,  will  be  referred  to  as  Y,  .  Assume  that  the  two  sets  of 
b  b 

measurements  indicated  have  been  made. 

Now,  return  the  sources  to  the  network  N  .  Apply  voltages  -v*  to  the 

^  j 

terminals  of  N  and  the  net  voltage  at  each  terminal  will  be  zero.  If  the 

di 

network  N  is  again  attached,  no  currents  will  flow  between  N  and  N,  .  If 
D  a  D 

the  actual  source  generators  are  again  turned  off,  the  response  is  as  if 

the  set  (-V®)  were  acting  on  terminations  Z  *  Y  ^  and  Z,  *  Y,  connected 
j  ®  a  a  b  b 

in  series.  The  response  to  the  actual  source  voltages  acting  alone  is 

just  the  negative  of  this  response.  Thus  the  network  can  be  represented 

a.  in  Figure  E-6. 
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Figure  E“6.  A  Generalized  n  Terminal  Thevenln  Equivalent  Circuit 

This  general  k  port  Thevenln  Equivalent  (or  Norton  Equivalent  If 
desired)  becomes  a  means  whereby  a  large  section  of  the  total  cable  system 
problem  can  be  reduced  to  only  those  variables  directly  applicable  to 
further  analysis  or  assessment.  Integrating  this  technique  with  other 
analysis  techniques  such  as  the  common  mode  current  approach  will  yield 
estimates  of  responses  at  connector  pins  to  subsystems  that  will  allow 
assessment  of  EM?  damage  and  upset. 

2.  EXAMPLES 

A  number  of  different  types  of  equivalent  circuits  will  be  shown  here 
representing  cable  source  characteristics  of  several  different  cable  con¬ 
figurations  and  EMP  sources.  All  examples  will  be  associated  with  the 
shielded  cables  shown  in  Figures  E-7  and  E-8,  The  EMP  excitation  of  the 
cable  based  on  the  B-i  common  mode  current  will  be  specified  by  the  par¬ 
ticular  examples  below  and  will  consist  of  one  of  the  circuits  described 
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in  Figures  E-9  through  E-11.  The  load  terminations  for  the  cables  shown 
in  Figures  E-9  through  E-ll  range  from  1  ohm  to  10  K  ohms  In  a  random 
fashion.  The  source  terminations  for  the  cable  in  Figure  E-10  are  identical 
to  the  load  terminations  described  above.  The  equivalent  circuit  examples 
below  will  be  categorized  as  one-port  Thevenin  or  Norton  Equivalent  k-port 
Norton  Equivalent  and  k-port  Admittance  Network  for  future  reference. 

a.  One  Port  Thevenin  or  Norton  Equivalent 

(1)  Norton  Equivalent 

Considered  here  is  the  controlled  lay  cable  of  Figure  E-7  ter¬ 
minated  and  driven  as  shown  in  Figure  E-9.  A  one-port  Norton  equivalent 

is  shown  in  Figure  E-12  where  Y  =  .  and  I  <  3A  peak  for  a  1  MHz 

n  S  +  .12  sc 

damped  sine  wave  (See  Figure  E-9). 

The  admittance  Y  has  been  synthesized  to  show  the  equivalent 
n 

circuit  in  terms  of  circuit  elements.  The  operator  S  in  the  admittance 
expression  represents  the  scaled  complex  frequency  independent  variable 
and  is  equal  to  2tt  x**^10*^  “  where  f  Is  frequency  in  j-fHz  and  u  is  the 
radian  frequency  in  radians/second. 

(2)  Thevenin  Equivalent 

This  example  is  a  one  port  Thevenin  equivalent  for  the  uncon¬ 
trolled  lay  cable  shown  in  Figure  S-8.  The  cable  is  terminated  and 
driven  as  shown  in  Figure  E-9  except  for  the  internal  shields  which  are 
shorted  to  ground  at  the  load  end.  The  Thevenin  circuit  is  shown  in 

Figure  E-13  where  Z  ,  «*  .53(St,l)  and  V  10  V  peak. 

th  oc 
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Figure  £-12.  Norton  Equivalent  Circuit 


Figure  E-13.  Thevenin  Equivalent  Circuit 
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(3)  Internal  Shields  Left  Open  at  Load  End 

This  esse  is  identical  to  case  (2)  with  the  exception  thst  the 

internal  shields  are  left  open  at  the  load  end.  The  Thevenin  circuit  is 

shown  in  Figure  E-14  where  Z  ,  *  .83(8  +  .1)  and  V  <  15  V  peak. 

th  oc 


Figure  £-14.  Thevenin  Equivalent  Circuit 
(4)  Controlled  Lay  Cable 


The  cable  considered  here  is  the  controlled  lay  cable  shown  in 
Figure  E-7  and  terminated  as  shown  in  Figure  E-10.  Two  equivalent  cir¬ 
cuits  were  generated  for  this  cable  corresponding  to  two  different  source 
impedance  values.  For  this  case  wire  number  1  is  selected  representing 
a  conductor  with  a  100  ohm  source  impedance.  The  equivalent  circuit  is 


shown  in  Figure  E-15  where 

Y 

n 


.58  (S  +  2.3) 
(S  +  4.7)^  +  16^ 


and  1  “A  peak  resulting  from  the  shield  drive. 
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Figure  E-15,  Norton  Equivalent  Circuit 
(5)  Wire  Number  15  Model 

The  equivalent  circuit  that  Is  shown  In  Figure  E-16  represents 

the  same  cable  configuration  as  In  (4)  except  for  the  conductor  chosen  for 

modeling.  This  model  is  for  wire  number  15  which  has  a  one  ohm  source 

termination.  Here  V  <  ,1V  and  Z  *  ,77(S  +  ,17), 

oc  pk  th 


WIRE  115 
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Figure  E-16,  Thevenln  Equivalent  Circuit 

All  the  single  wire  equivalent  circuits  shown  in  examples  (1) 
through  (3)  represent  any  wire  chosen  in  the  cable  accurately.  But 
example  circuits  (4)  and  (5)  are  quite  different.  The  first  statement  is 
true  because  all  the  conductors  at  the  source  were  tied  together  and  the 
cable  was  short.  Any  particular  wire  chor.en  would  see  nearly  the  same 
Impedance  looking  towards  the  source.  The  second  statement  now  becomes 
evident  by  noticing  the  wire  modeled  in  (4)  has  a  100  ohm  source  termina¬ 
tion  and  the  wire  modeled  in  (5)  has  a  1  ohm  termination. 
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(6)  Lay  Cable  6.2  Meters  Long 


The  cables  from  which  single  port  equivalents  were  generated 
above  portrayed  relatively  simple  Impedance  characteristics.  For  this 
example  the  same  controlled  lay  cable  as  described  in  Figure  E-7  but 
twice  as  long  (6.2  meters)  was  considered.  The  DIP  source  and  cable  ter¬ 
mination  configuration  is  shown  in  Figure  E-9.  The  Thevenln  equivalent 
is  shown  in  Figure  E-17  where 

V  8  V  peak  and 
oc 

z  .  (s  +  .1)  [cs  +  ,9)^  +  16^] 

.35  [(S  +  .46)^  + 


Figure  E-17.  Thevenln  Equivalent  Circuit 
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;.7)  Controlled-Lay-Cable-Generated  Equivalent  Single  Port  Circuit 


The  equivalent  single  port  circuit  shown  in  Figure  E-18  has  been 
generated  from  the  controlled  lay  cable  shown  in  Figure  E-7*  A  set  of  100 
ohr.  resistors  was  used  to  connect  the  source  terminations  to  the  common 
raode  current  source  as  shown  in  Figure  E-11,  The  load  terminations  are 
identical  to  the  previous  examples.  The  circuit  elements  were  synthesized 

y  (S  +  3.2)^  +  15^ 

th  '  .46  (S  +  1.6) 

and  V  10  V  peak, 

oc 

b.  K-Port  Norton  Equivalent 

A  3  port  Norton  Equivalent  (Figure  E-19)  has  been  generated  for 
the  controlled  lay  cable  shown  in  Figure  E-7.  The  EMP  source  and  termina¬ 
tions  are  defined  by  Figure  E-9. 


0.35mH 


Figure  E-18.  Thevenin  Equivalent  Circuit 
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c.  K-Port  Admittance  Network 

A  2-port  network  with  an  input  port  and  an  output  porr  is  shown 
in  Figure  E-20.  The  output  port  corresponds  to  a  particular  wire.  The 
input  port  corresponds  to  the  source  of  the  cable  where  the  common  mode 
current  source  would  be  connected.  Considering  this  as  the  controlled 
lay  cable  (Figure  E-7)  the  model  represents  the  passive  cable  configura¬ 
tion  depicted  in  Figure  E-9  with  the  current  source  (I_  ,)  and  source 

D— i 

impedance  (Rg^)  removed. 

Now 
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r  .54  -  .22  1 
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